US 20190055567A1

a9y United States

a2y Patent Application Publication o) Pub. No.: US 2019/0055567 A1

Smolke et al. 43) Pub. Date: Feb. 21, 2019
(54) BENZYLISOQUINOLINE ALKALOID (BIA) CI2P 13722 (2006.01)
PRECURSOR PRODUCING MICROBES, AND CI2N 15/79 (2006.01)
METHODS OF MAKING AND USING THE CI2N 15/81 (2006.01)
SAME Co7D 217722 (2006.01)
Co7D 217/18 (2006.01)
(71) Applicant: The Board of Trustees of the Leland (52) US.CL
Stanford Junior University, Stanford, CPC ... CI2N 15/52 (2013.01); CI12Y 401/01028
CA (US) (2013.01); CI2Y 114/16002 (2013.01); CI2P
. 17712 (2013.01); CO7D 217/18 (2013.01);
(72) Inventors: Christina D. .Smolke, Menlo Park, CA CI2N 15/79 (201301), CI2N 15/81
(US); Catherine Thodey, Mountain (2013.01); CO7D 217/22 (2013.01); CI2P
View, CA (US); Isis Trenchard, 13/22 (2013.01)
Redwood City, CA (US)
(22) Filed: Oct. 19, 2018
L Methods and engineered yeast cells for generating a ben-
Related U.S. Application Data zylisoquinoline alkaloid product are provided herein. A
(63) Continuation of application No. 15/567,354, filed on method comprises providing engineered yeast cells and a
Oct. 17, 2017, filed as application No. PCT/US16/ feedstock to a reactor. In the reactor, the engineered yeast
30808 on May 4, 2016. cells are subjected to fermentation by incubating the engi-
o o neered yeast cells for a time period to produce a solution
(60) Provisional application No. 62/156,701, filed on May comprising the BIA product and cellular material. The
4, 2015. solution comprises not more than one class of molecule
A . . selected from the group of protoberberine, morphinan,
Publication Classification isopavine, aporphine, and benzylisoquinoline. Additionally,
(51) Int. CL at least one separation unit is used to separate the BIA
CI2N 15/52 (2006.01) product from the cellular material to provide the product
CI2P 17/12 (2006.01) stream comprising the BIA product.
GG -
ARC4
BGG -
" ARQ1O
% 546 -
™ . CEN.PK2
B ARQT
= 400 - AROS
3
R
34
& 3040 -
L]
g
= 200
- won GERPH2
~AROY overexpression
100 - ~ RRCRG overenpression
----------- ARD4 mutation
P R NURT0 ARDY rautalion
& &g 188 160 WG
Tyrosine fed in Media (mg/l)




Patent Application Publication  Feb. 21,2019 Sheet 1 of 18 US 2019/0055567 A1

Gilucose

4P PEP

L

Hydroxyphenylpyrivate

AHPA

L-DOPA
%ﬁ*ﬁ DOnG

Doparming
BAALG

3,.40DHPA

FIG. 1



Patent Application Publication

Feb. 21,2019 Sheet 2 of 18

US 2019/0055567 Al

&; Native PPP Fluy

GOF sy R5P X SH7P X FOP sl
XE¥ B3P 4P

. X

GEP sy

B: Modified PPP Fluy

®3
GEP weie RSP X BHTP X FEP dfpmmmens
R
xap Gap E4P & FOP s

FIG. 2



Patent Application Publication  Feb. 21,2019 Sheet 3 of 18 US 2019/0055567 A1

HQ
A ffﬁaﬁy//”\\}
HE A«J/f" g e

-

Doparming

Akkbf/”ﬁ\\gﬁﬁﬁ

pe
v

AHPA

HG

e
W/\
H
H

|

Ho " "0&

Dopamine

HO \ fwpr

|

- -
o P s

FIG. 3



Patent Application Publication  Feb. 21,2019 Sheet 4 of 18 US 2019/0055567 A1
744G -
. ARO4
600 - |
< . ARO1O
2 500 - e I
":’: - ..‘V””W' /__,«-,J‘ MM( CEN.PKz
3 e, {“’ e A ARDY
= 400 - B T et AROS
o s
£ AT
& 300
3
S
£ 200 P
2 T S wonCEN.PRD
iwmw - RFOD overaxpression
100 - et ARBIG vverexpression
~~~~~~ ARGH smustation
P R o ARDT mutation
4 54 160 150 200
Tyrosine fod In Media (ng/'D

FIG. 4



Patent Application Publication

Feb. 21,2019 Sheet 5 of 18

US 2019/0055567 Al

NC Titer Hormalized to WT

[+

<

BOmgh TYR

FIG. 8



Patent Application Publication

Feb. 21, 2019 Sheet 6 of 18

US 2019/0055567 Al

&

HNL Titer Normatized to WT
o0

Gene Knockout Sirain

W ¥ % ] 3 & it 5
P o o o o ® %o\k\,\c&o\/&
e
?\

FIG. 6



Patent Application Publication  Feb. 21,2019 Sheet 7 of 18 US 2019/0055567 A1

o dopa {mfe = 188

* Ledopa-$ Dopaming = ~13% .
' Purple: dopamine {miz = 184

for infensity
kS

3
&3

7 X ¥ gy . ,
Timne {min)

FIG. 7



Patent Application Publication  Feb. 21,2019 Sheet 8 of 18 US 2019/0055567 A1

10
il B 2 CENPK2
@
¥ s BYAT42
2 8
£ - W303 %
:
3 6
: .
dd -
2 4 4
g "
a -
5, . N
e BT
f' ____________________________________________________ L
g
o 50 100 150 200

Tyrosine in growth media (mg/L)

FIG. 8



US 2019/0055567 Al

Feb. 21, 2019 Sheet 9 of 18

Patent Application Publication

2l OY
BOMYTE QY BNy .
sl v By wa i
SARRZY LNy BANEY L2 guncthpey
sePORY uebONY Poraad e POUY %a.w.ﬁwm:«‘ [y [ S
CEIAED  TRURED GELED BONARS OIS WUUISS WIOED TEAD ROTASY WOTRE WS THINES

s e

i et

L “““““. -\.00» -\.ww\ -\.Ow\m \WM%»\\\ e~ e
T

T

T
T
b
T

6 "I

uy
o

&
-

0
-

2
o

{irl) 4911 SULINBIDOION



Patent Application Publication  Feb. 21,2019 Sheet 10 of 18  US 2019/0055567 A1

Poak Area (on count x18%

4.5
4.8
3.5
REH
2.8
g0
1.8
1.8
4.5
4.0

.b . //;,»’{
s i
/""fg :
/‘/ﬂ/ z
///h L3
.. ,J// 3
& ; ; 3 3 ;
g 20 40 &l &9 146

mM Dopaniine

FIG. 10



US 2019/0055567 Al

opsddvoutis wakdesaping

" 2 W
B “.,.\ :/:..\\ .uﬂw.,..\.\
| B B
e, 5 % % 4
St o A Sy A
§
i a

sy

Jht
prac. s
o

i A,
fq.\ R P
§

& ]

—

Feb. 21, 2019 Sheet 11 of 18

i}

11 "O1d

Patent Application Publication



{zrwse) ones alieyn o) SSEUL U0}

US 2019/0055567 Al

H 3 3 3 3 wwwm 3 3 3 : Mwmmw 3 3 3 3 »wmwN : 3 x Qmmw : s Mwmww 3 5 5 W@% P
¢ : f : - ta Y
yE8¢ M ¥ | gan -
§188 -
781 :
$ >
Figi »
i RN 5

{upw) sus
¥'g

Feb. 21, 2019 Sheet 12 of 18

PHE + BESA} TH e

FUISOIAY & BIREA] T3 L3 e’
PUL + DUIB0MES + 2euA] Jak Lo
PHE + BHE0IAL ¢ Rehl 24 e’
PRPURIS VA0 1Y00E

AL

Patent Application Publication

“9

JOLX N0 Uy

$B X JNOD US YOO



US 2019/0055567 Al

Feb. 21,2019 Sheet 13 of 18

Patent Application Publication

(uug) s g
5e o' ¥z

Ex v'g 5% 0¥

MLy + sueplvilos + eypsds wtlaguy w wadiny

pHE + wesd) ydoguy § HALIN

FHFOIAY + mpesh; wdeguy B Mk June

Hatiy N + dorividos v outsnidl + dlush wileguy ¥ WALUY
P+ wmoiis somsh] AUy

syesh wad oy wu palds vandat wilen

el "OId

R

)

0 LX JUNOS U Y4001



Patent Application Publication

" OH

-
BH” B,

HO

HO,/‘
Norcoclaurine
\E,som

HO
Coclaurine
‘LCNMT
Hall._
HO
HO": g
Nemethylcoclaurine
CYPEoB1
GPR
HC0
HO
HO

HO

HD0
Reticuline

Feb. 21, 2019 Sheet 14 of 18

L—Ty:'@szne*.;,yﬂ_‘l,{ti - n .‘o

4-HPA Dopaniine

,I, NCS {or sponfaneous}
0

US 2019/0055567 Al

G HY

3,4~ DHPA Dopamine

,E, NCS {or sponfaneous}

HOL

Nort abdaz*ocoime

SOMT CNMT LOMT
) J‘T” : *a s N

jats)

HOT i
taudanosaing 40

methyino: auda'*o oline methylnctaudancsoline

PPN
MGMT[ iCNMEE ISOMTE M‘OMTi iCNM!f EGQMTE

H5CO.

HO
3" hydroxy-N-
methyicociaurine

Y
[ chMT | [ 4°0mT | [ 60MT | [ CNMT |

Nograticufing Norreticuline

meth yi«i;;arcsci ine

Qo e
Retiouine

FiG. 14



Patent Application Publication  Feb. 21,2019 Sheet 15 of 18  US 2019/0055567 A1

ion count

fors Count x 1098

Ne-methyicoohawine

P
POTHIT
AN e mimeezss

!

copnE " SESBOME P MSE: mizee259
7 2 3 10 11 12 13 14 )
Time {minutes)
1 B
1.8 3 285
1.0 3
0.5 dio7 176
oo b qg ) 208

;S T S S S A T S St 4

130 1586 200 288 300 358

fort mass {0 charge ratio {+ miz)

FIG. 15



Patent Application Publication

ton Caunt

Feb. 21,2019 Sheet 16 of 18  US 2019/0055567 A1

W5, RnTyrH without NCS

ton Court

Reticuling standard

Rty with &, faponica NCS

Aotz 13 14 15

6 17 T8 18 2 24 22 23 24 25 26 27 28 28 3 31 32 33 34 35 35 37 35 39 4 471 42 43 44 45 48 47 48 42

Retention Time {min}

FI1G. 16



Patent Application Publication  Feb. 21,2019 Sheet 17 of 18  US 2019/0055567 A1

Q00
= 800
= 700
800
500
400
300
200
100

]

]

]

Reticuline

YPD

YNB 2%
glucose, |
ammonium. |.
YNB 2%
glicose, urea,
10mb. ..
YNB 4%
glucose,
YNB 2%
maltodextrin
with 3 AGUA,. L.
YNEB 2%
glucose, no
nitrogen

B 2500 1 wYAB B YAZZ
2000 A
1500 A

1000 ~

Reticuline [nM]

500

O K : 7
Maltodexdrin: 2%, 2%, 2%, 3%, 3%, 3%, 4%, 4%, 4%,
Amylase: TAGU 2AGU 3AGYU 1AGU ZAGU 3AGU 1AGU 2ZAGU 3AGU

FIG. 17



Patent Application Publication  Feb. 21,2019 Sheet 18 of 18  US 2019/0055567 A1

- -t - Y
Y o Oy 2
i

Reticuline (pM)
&

SN e Dy

FIG. 18



US 2019/0055567 Al

BENZYLISOQUINOLINE ALKALOID (BIA)
PRECURSOR PRODUCING MICROBES, AND
METHODS OF MAKING AND USING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] Pursuant to 35 U.S.C. § 119(e), this application
claims priority to the filing date of U.S. Provisional Patent
Application Ser. No. 62/156,701 filed on May 4, 2015; the
disclosure of which application is herein incorporated by
reference.

[0002] Additionally, this application is related to: U.S.
patent application Ser. No. 14/211,611 now published as US
2014-0273109, which application was filed on Mar. 14,
2014 and has Attorney Docket No. STAN-1018; PCT Appli-
cation Serial No. PCT/US2014/027833 now published as
W02014/143744, which application was filed on Mar. 14,
2014 and has Attorney Docket No. STAN-1018WO; and
PCT Application Serial No. PCT/US2014/063738, which
application was filed Nov. 3, 2014 and has Attorney Docket
No. STAN-1078WO; the disclosures of which applications
are herein incorporated by reference.

GOVERNMENT RIGHTS

[0003] This invention was made with Government support
under contract 1066100 awarded by the National Science
Foundation and contract DAT007886A awarded by the
National Institutes of Health. The Government has certain
rights in the invention.

INTRODUCTION

[0004] Benzylisoquinoline alkaloids (BIAs) are a large
group of secondary metabolites from plants and other organ-
isms. These molecules have therapeutic functions in the
human body, ranging from the established analgesic and
antitussive properties of morphine and codeine, to novel
activities against cancer and infection observed for mol-
ecules such as berberine and sanguinarine. Supply of all
these BIA molecules so that they are available to researchers
and physicians is of interest. The number of synthetic
reactions and requirements for selective stercochemistry
means that chemical synthesis of BIAs is low yielding and
not a viable means for large-scale production. Instead, for
the widely used drugs codeine and morphine, the opium
poppy (Papaver somniferum) has been bred and developed
as a production crop. Intermediates in morphine biosynthe-
sis that find use as drugs and drug precursors do not
accumulate because the plant metabolism is evolved to
maximize pathway flux to the final opioids. Even for end
product metabolites like morphine, accumulation occurs
only within specialized cells in the buds and vascular tissue
and requires harsh chemical processing of harvested plant
material during the extraction process, which may yield less
than 2% morphine by dry weight. As such, methods for
preparing BIAs are of interest.

SUMMARY

[0005] Host cells that are engineered to produce ben-
zylisoquinoline alkaloids (BIAs) that are of interest, such as
norcoclaurine (NC) and norlaudanosoline (NL), are pro-
vided. BIAs of interest may include BIA precursors, BlAs,
and modifications of BIAs. The host cells may have one or
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more modifications selected from: a feedback inhibition
alleviating mutation in an enzyme gene; a transcriptional
modulation modification of a biosynthetic enzyme gene; an
inactivating mutation in an enzyme; and a heterologous
coding sequence. Also provided are methods of producing a
BIA of interest using the host cells and compositions, e.g.,
kits, systems etc., that find use in methods of the invention.
[0006] An aspect of the invention provides a method for
forming a product stream having a benzylisoquinoline alka-
loid (BIA) product. The method comprises providing engi-
neered yeast cells and a feedstock including nutrients and
water to a batch reactor, which engineered yeast cells have
at least one modification selected from the group consisting
of: a feedback inhibition alleviating mutation in a biosyn-
thetic enzyme gene native to the cell; a transcriptional
modulation modification of a biosynthetic enzyme gene
native to the cell; and an inactivating mutation in an enzyme
native to the cell. Additionally, the method comprises, in the
batch reactor, subjecting the engineered yeast cells to fer-
mentation by incubating the engineered yeast cells for a time
period of at least about 5 minutes to produce a solution
comprising the BIA product and cellular material. The
method also comprises using at least one separation unit to
separate the BIA product from the cellular material to
provide said product stream comprising the BIA product.

[0007] In another aspect, the invention provides a method
for forming a product stream having a BIA product. The
method comprises providing engineered yeast cells and a
feedstock including nutrients and water to a reactor. The
method also comprises, in the reactor, subjecting the engi-
neered yeast cells to fermentation by incubating the engi-
neered yeast cells for a time period of at least about 5
minutes (e.g., 5 minute or longer) to produce a solution
comprising cellular material and the BIA product, wherein
the solution comprises not more than one class of molecule
selected from the group of protoberberine, morphinan,
isopavine, aporphine and bisbenzylisoquinoline. Addition-
ally, the method comprises using at least one separation unit
to separate the BIA product from the cellular material to
provide the product stream comprising the BIA product.

[0008] Another aspect of the invention provides an engi-
neered yeast cell that produces a benzylisoquinoline alkaloid
(BIA) product, the engineered yeast cell having at least one
modification selected from the group consisting of: a feed-
back inhibition alleviating mutation in a biosynthetic
enzyme gene native to the cell; a transcriptional modulation
modification of a biosynthetic enzyme gene native to the
cell; and an inactivating mutation in an enzyme native to the
cell. The engineered yeast cell comprises at least one het-
erologous coding sequence encoding at least one enzyme
that is selected from the group of 6OMT, CNMT, CYP8OBI1,
CPR and 4'OMT. In some examples, the engineered yeast
cell comprises a plurality of heterologous coding sequences
encoding an enzyme that is selected from the group of
60MT, CNMT, CYP80OBI, CPR and 4'OMT. In some
examples, the heterologous coding sequences may be oper-
ably connected. Heterologous coding sequences that are
operably connected may be within the same pathway of
producing a particular benzylisoquinoline alkaloid product.
[0009] An additional aspect of the invention provides a
compound that comprises a benzylisoquinoline alkaloid
product that is characterized as being part of at most two
classes selected from the group consisting of 1-benzyliso-
quinoline, protoberberine, morphinan, isopavine, aporphine,
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and bisbenzylisoquinoline. Remaining components of the
compound do not contain a detectable amount of a molecule
of a non-selected class from the group of 1-benzylisoqui-
noline, protoberberine, morphinan, isopavine, aporphine and
bisbenzylisoquinoline.

[0010] In another aspect of the invention, therapeutic
agent is provided. The therapeutic agent comprises a ben-
zylisoquinoline alkaloid product. The therapeutic agent does
not contain a detectable amount of an impurity selected from
the group consisting of codeine-O(6)-methyl ether, 8,14-
dihydroxy-7,8-dihydrocodeinone and tetrahydrothebaine.

BRIEF DESCRIPTION OF THE FIGURES

[0011] The invention is best understood from the follow-
ing detailed description when read in conjunction with the
accompanying drawings. It is emphasized that, according to
common practice, the various features of the drawings are
not to-scale. On the contrary, the dimensions of the various
features are arbitrarily expanded or reduced for clarity.
Included in the drawings are the following figures.

[0012] FIG. 1 illustrates the biosynthetic pathway from
glucose to tyrosine and other BIA precursor molecules.
[0013] FIG. 2 illustrates the effect of ZWF1 knockout and
TKL1 over-expression on the pentose phosphate pathway
(PPP). A: native PPP flux, B: Modified PPP flux.

[0014] FIG. 3 illustrates the synthesis of NC (A) and NL
(B) from precursor molecules.

[0015] FIG. 4 illustrates the effect of four genetic modi-
fications on NC production with varying fed tyrosine.
[0016] FIG. 5 shows NC production from strains with
combinations of genetic modifications.

[0017] FIG. 6 shows the levels of NL production in
aldehyde oxidoreductase (ALD)/alcohol dehydrogenase
(ADH) gene knockout strains.

[0018] FIG. 7 illustrates the activity of a L-DOPA decar-
boxylase (DODC) enzyme in vivo. Yeast strains transformed
with DNA to express Papaver somniferum tyrosine/DOPA
decarboxylase may convert L.-DOPA to dopamine in vivo.
[0019] FIG. 8 shows the production of norcoclaurine (NC)
in yeast strains fed 100 mM dopamine and varying concen-
trations of tyrosine.

[0020] FIG. 9 shows NC production in multiple engi-
neered yeast strains fed 100 mM dopamine and no tyrosine.
[0021] FIG. 10 shows NC production from dopamine or
from L.-DOPA in an engineered yeast strain (CSY980) with
the additional integration of the L-DOPA decarboxylase
PpDODC.

[0022] FIG. 11 illustrates a biosynthetic scheme including
tyrosine hydroxylation using mammalian tyrosine hydroxy-
lases (TyrHs) with the co-substrate tetrahydrobiopterin
(BH4).

[0023] FIG. 12 shows that tyrosine hydroxylases
expressed from yeast cells convert tyrosine to L-DOPA: (A)
LC-MS chromatogram confirms conversion of tyrosine to
L-DOPA in the presence of co-substrate, BH4; and (B)
L-DOPA ion fragmentation in lysate samples.

[0024] FIG. 13 shows the co-expression of tyrosine
hydroxylase with a BH4 biosynthetic enzyme provides for
conversion of tyrosine to L-DOPA.

[0025] FIG. 14 illustrates the biosynthetic pathways of the
BIA precursor molecules through to reticuline going through
(A) NC and (B) NL.

[0026] FIG. 15 shows LC-MS analysis (A: ion counts) of
the production of NC-derived BIA precursor molecules
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including N-methylcoclaurine (B: m/z fragmentation pat-
tern) from L-DOPA in the liquid culture of engineered yeast
strains.

[0027] FIG. 16 shows LC-MS analysis (ion counts) of the
production of (A) NC and (B) reticuline from sugar in the
liquid culture of engineered yeast strains.

[0028] FIG. 17 shows the effect of (A) media composition
and (B) maltodextrin and amylase concentrations on the
production of reticuline from sugar in the liquid culture of
engineered yeast strains.

[0029] FIG. 18 shows the effect of inactivating mutations
in ADH and ALD enzymes on the production of reticuline
from sugar in the liquid culture of engineering yeast strains.

DEFINITIONS

[0030] Before describing exemplary embodiments in
greater detail, the following definitions are set forth to
illustrate and define the meaning and scope of the terms used
in the description.

[0031] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Singleton, et al., DICTIONARY OF
MICROBIOLOGY AND MOLECULAR BIOLOGY, 2D
ED., John Wiley and Sons, New York (1994), and Hale &
Markham, THE HARPER COLLINS DICTIONARY OF
BIOLOGY, Harper Perennial, N.Y. (1991) provide one of
skill with the general meaning of many of the terms used
herein. Still, certain terms are defined below for the sake of
clarity and ease of reference.

[0032] It is noted that as used herein and in the appended
claims, the singular forms “a”, “an”, and “the” include plural
referents unless the context clearly dictates otherwise. For
example, the term “a primer” refers to one or more primers,
i.e., a single primer and multiple primers. It is further noted
that the claims are drafted to exclude any optional element.
As such, this statement is intended to serve as antecedent
basis for use of such exclusive terminology as “solely,”
“only” and the like in connection with the recitation of claim
elements, or use of a “negative” limitation.

[0033] As used herein, the terms “determining,” “measur-
ing,” “assessing,” and “assaying” are used interchangeably
and include both quantitative and qualitative determinations.
[0034] As used herein, the term “polypeptide” refers to a
polymeric form of amino acids of any length, including
peptides that range from 2-50 amino acids in length and
polypeptides that are greater than 50 amino acids in length.
The terms “polypeptide” and “protein” are used interchange-
ably herein. The term “polypeptide” includes polymers of
coded and non-coded amino acids, chemically or biochemi-
cally modified or derivatized amino acids, and polypeptides
having modified peptide backbones in which the conven-
tional backbone has been replaced with non-naturally occur-
ring or synthetic backbones. A polypeptide may be of any
convenient length, e.g., 2 or more amino acids, such as 4 or
more amino acids, 10 or more amino acids, 20 or more
amino acids, 50 or more amino acids, 100 or more amino
acids, 300 or more amino acids, such as up to 500 or 1000
or more amino acids. “Peptides” may be 2 or more amino
acids, such as 4 or more amino acids, 10 or more amino
acids, 20 or more amino acids, such as up to 50 amino acids.
In some embodiments, peptides are between 5 and 30 amino
acids in length.



US 2019/0055567 Al

[0035] As used herein the term “isolated,” refers to an
moiety of interest that is at least 60% free, at least 75% free,
at least 90% free, at least 95% free, at least 98% free, and
even at least 99% free from other components with which
the moiety is associated with prior to purification.

[0036] As used herein, the term “encoded by” refers to a
nucleic acid sequence which codes for a polypeptide
sequence, wherein the polypeptide sequence or a portion
thereof contains an amino acid sequence of 3 or more amino
acids, such as 5 or more, 8 or more, 10 or more, 15 or more,
or 20 or more amino acids from a polypeptide encoded by
the nucleic acid sequence. Also encompassed by the term are
polypeptide sequences that are immunologically identifiable
with a polypeptide encoded by the sequence.

[0037] A “vector” is capable of transferring gene
sequences to target cells. As used herein, the terms, “vector
construct,” “expression vector,” and “gene transfer vector,”
are used interchangeably to mean any nucleic acid construct
capable of directing the expression of a gene of interest and
which may transfer gene sequences to target cells, which is
accomplished by genomic integration of all or a portion of
the vector, or transient or inheritable maintenance of the
vector as an extrachromosomal element. Thus, the term
includes cloning, and expression vehicles, as well as inte-
grating vectors.

[0038] An “expression cassette” includes any nucleic acid
construct capable of directing the expression of a gene/
coding sequence of interest, which is operably linked to a
promoter of the expression cassette. Such cassette is con-
structed into a “vector,” “vector construct,” “expression
vector,” or “gene transfer vector,” in order to transfer the
expression cassette into target cells. Thus, the term includes
cloning and expression vehicles, as well as viral vectors.
[0039] A “plurality” contains at least 2 members. In cer-
tain cases, a plurality may have 10 or more, such as 100 or
more, 1000 or more, 10,000 or more, 100,000 or more, 10°
or more, 107 or more, 10® or more, or 10° or more members.

[0040] Numeric ranges are inclusive of the numbers defin-
ing the range.
[0041] The methods described herein include multiple

steps. Each step may be performed after a predetermined
amount of time has elapsed between steps, as desired. As
such, the time between performing each step may be 1
second or more, 10 seconds or more, 30 seconds or more, 60
seconds or more, 5 minutes or more, 10 minutes or more, 60
minutes or more, and including 5 hours or more. In certain
embodiments, each subsequent step is performed immedi-
ately after completion of the previous step. In other embodi-
ments, a step may be performed after an incubation or
waiting time after completion of the previous step, e.g., a
few minutes to an overnight waiting time.

[0042] Other definitions of terms may appear throughout
the specification.

DETAILED DESCRIPTION

[0043] Host cells that are engineered to produce ben-
zylisoquinoline alkaloids (BIAs) that are of interest, such as
norcoclaurine (NC) and norlaudanosoline (NL), are pro-
vided. The host cells may have one or more engineered
modifications selected from: a feedback inhibition alleviat-
ing mutation in an enzyme gene; a transcriptional modula-
tion modification of a biosynthetic enzyme gene; an inacti-
vating mutation in an enzyme; and a heterologous coding
sequence. Also provided are methods of producing a BIA of
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interest using the host cells and compositions, e.g., kits,
systems etc., that find use in methods of the invention.
[0044] Before the present invention is described in greater
detail, it is to be understood that this invention is not limited
to particular embodiments described, and as such may vary.
It is also to be understood that the terminology used herein
is for the purpose of describing particular embodiments only,
and is not intended to be limiting, since the scope of the
present invention will be limited only by the appended
claims.

[0045] Where a range of values is provided, it is under-
stood that each intervening value, to the tenth of the unit of
the lower limit unless the context clearly dictates otherwise,
between the upper and lower limit of that range and any
other stated or intervening value in that stated range, is
encompassed within the invention. The upper and lower
limits of these smaller ranges may independently be
included in the smaller ranges and are also encompassed
within the invention, subject to any specifically excluded
limit in the stated range. Where the stated range includes one
or both of the limits, ranges excluding either or both of those
included limits are also included in the invention.

[0046] Certain ranges are presented herein with numerical
values being preceded by the term “about.” The term
“about” is used herein to provide literal support for the exact
number that it precedes, as well as a number that is near to
or approximately the number that the term precedes. In
determining whether a number is near to or approximately a
specifically recited number, the near or approximating unre-
cited number may be a number which, in the context in
which it is presented, provides the substantial equivalent of
the specifically recited number.

[0047] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials
similar or equivalent to those described herein may also be
used in the practice or testing of the present invention,
representative illustrative methods and materials are now
described.

[0048] All publications and patents cited in this specifi-
cation are herein incorporated by reference as if each indi-
vidual publication or patent were specifically and individu-
ally indicated to be incorporated by reference and are
incorporated herein by reference to disclose and describe the
methods and/or materials in connection with which the
publications are cited. The citation of any publication is for
its disclosure prior to the filing date and should not be
construed as an admission that the present invention is not
entitled to antedate such publication by virtue of prior
invention. Further, the dates of publication provided may be
different from the actual publication dates which may need
to be independently confirmed.

[0049] As will be apparent to those of skill in the art upon
reading this disclosure, each of the individual embodiments
described and illustrated herein has discrete components and
features which may be readily separated from or combined
with the features of any of the other several embodiments
without departing from the scope or spirit of the present
invention. Any recited method is carried out in the order of
events recited or in any other order which is logically
possible.

[0050] In further describing the subject invention, BIA
precursors of interest, BIAs, and modifications of BIAs are
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described first in greater detail, followed by host cells for
producing the same. Next, methods of interest in which the
host cells find use are reviewed. Kits that may be used in
practicing methods of the invention are also described.

Benzylisoouinoline Alkaloid (BIA) Precursors

[0051] As summarized above, host cells which produce
benzylisoquinoline alkaloid precursors (BIA precursors) are
provided. The BIA precursor may be any intermediate or
precursor compound in a synthetic pathway (e.g., as
described herein) that leads to the production of a BIA of
interest (e.g., as described herein). In some cases, the BIA
precursor has a structure that may be characterized as a BIA
or a derivative thereof. In certain cases, the BIA precursor
has a structure that may be characterized as a fragment of a
BIA. In some cases, the BIA precursor is an early BIA. As
used herein, by “early BIA” is meant an early intermediate
in the synthesis of' a BIA of interest in a cell, where the early
BIA is produced by a host cell from a host cell feedstock or
simple starting compound. In some cases, the early BIAis a
BIA intermediate that is produced by the subject host cell
solely from a host cell feedstock (e.g., a carbon and nutrient
source) without the need for addition of a starting compound
to the cells. The term early BIA may refer to a precursor of
a BIA end product of interest whether or not the early BIA
may itself be characterized as a benzylisoquinoline alkaloid.

[0052] In some cases, the BIA precursor is an early BIA,
such as a pre-reticuline benzylisoquinoline alkaloid. As
such, host cells which produce pre-reticuline benzylisoqui-
noline alkaloids (pre-reticuline BIAs) are provided. Reticu-
line is a major branch point intermediate of interest in the
synthesis of downstream BIAs via cell engineering efforts to
produce end products such as opioid products. The subject
host cells may produce BIA precursors from simple and
inexpensive starting materials that may find use in the
production of reticuline and downstream BIA end products.

[0053] As used herein, the terms “pre-reticuline benzyliso-
quinoline alkaloid”, “pre-reticuline BIA”, and “pre-reticu-
line BIA precursor” are used interchangeably and refer to a
biosynthetic precursor of reticuline whether or not the
structure of the reticuline precursor itself is characterized as
a benzylisoquinoline alkaloid. The term pre-reticuline BIA
is meant to include biosynthetic precursors, intermediates
and metabolites thereof, of any convenient member of a host
cell biosynthetic pathway that may lead to reticuline. In
some cases, the pre-reticuline BIA includes a benzylisoqui-
noline alkaloid fragment, such as a benzyl fragment, a
quinoline fragment or a precursor or derivative thereof. In
certain instances, the pre-reticuline BIA has a structure that
may be characterized as a benzylisoquinoline alkaloid or a
derivative thereof.

[0054] BIA precursors of interest include, but are not
limited to, norcoclaurine (NC) and norlaudanosoline (NL),
as well as NC and NL precursors, such as tyrosine, tyramine,
4-hydroxyphenylacetaldehyde (4-HPA), 4-hydroxyphe-
nylpyruvic acid (4-HPPA), L-3,4-dihydroxyphenylalanine
(L-DOPA), 3,4-dihydroxyphenylacetaldehyde (3,4-DHPA),
and dopamine. In some embodiments, the one or more BIA
precursors are 3,4-dihydroxyphenylacetaldehyde (3,4-
DHPA) and dopamine. In certain instances, the one or more
BIA precursors are 4-hydroxyphenylacetaldehyde (4-HPA)
and dopamine. FIGS. 3A and 3B illustrate the synthesis of
NC and NL, respectively from precursor molecules via a
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Pictet-Spengler condensation reaction, where the reaction
may occur spontaneously or may by catalyzed by any
convenient enzymes.

[0055] Synthetic pathways to a BIA precursor may be
generated in the host cells, and may start with any conve-
nient starting compound(s) or materials. FIG. 1 illustrates a
synthetic pathway of interest to BIA precursors starting from
glucose. The starting material may be non-naturally occur-
ring or the starting material may be naturally occurring in the
host cell. Any convenient compounds and materials may be
used as the starting material, based upon the synthetic
pathway present in the host cell. The source of the starting
material may be from the host cell itself, e.g., tyrosine, or the
starting material may be added or supplemented to the host
cell from an outside source. As such, in some cases, the
starting compound refers to a compound in a synthetic
pathway of the cell that is added to the host cell from an
outside source that is not part of a growth feedstock or cell
growth media. Starting compounds of interest include, but
are not limited to, dopamine, 4-HPA, 4-HPPA, as well as any
of the compounds shown in FIG. 1. For example, if the host
cells are growing in liquid culture, the cell media may be
supplemented with the starting material, which is trans-
ported into the cells and converted into the desired products
by the cell. Starting materials of interest include, but are not
limited to, inexpensive feedstocks and simple precursor
molecules. In some cases, the host cell utilizes a feedstock
including a simple carbon source as the starting material,
which the host cell utilizes to produce compounds of the
synthetic pathway of the cell. The host cell growth feedstock
may include one or more components, such as a carbon
source such as cellulose, starch, free sugars and a nitrogen
source, such as ammonium salts or inexpensive amino acids.
In some cases, a growth feedstock that finds use as a starting
material may be derived from a sustainable source, such as
biomass grown on marginal land, including switchgrass and
algae, or biomass waste products from other industrial or
farming activities.

Benzylisoouinoline Alkaloids (Bias)

[0056] As summarized above, host cells which produce
benzylisoquinoline alkaloids (BIA) of interest are provided.
In some embodiments, the engineered strains of the inven-
tion will provide a platform for producing benzylisoquino-
line alkaloids of interest and modifications thereof across
several structural classes including, but not limited to,
benzylisoquinolines, protoberberines, protopines, benzo-
phenanthridines, promorphinans, morphinans, secoberber-
ines, phthalideisoquinolines, aporphines, bisbenzylisoqui-
nolines, and others. Each of these classes is meant to include
biosynthetic precursors, intermediates, and metabolites
thereof, of any convenient member of a host cell biosyn-
thetic pathway that may lead to a member of the class.
Non-limiting examples of compounds are given below for
each of these structural classes. In some embodiments, the
structure of a given example may or may not be character-
ized itself as a benzylisoquinoline alkaloid. The present
chemical entities are meant to include all possible isomers,
including single enantiomers, racemic mixtures, optically
pure forms, mixtures of diastereomers and intermediate
mixtures.

[0057] Benzylisoquinolines may include, but are not lim-
ited to, norcoclaurine, norlaudanosoline, coclaurine, 3'-hy-
droxycoclaurine,  4'-O-methylnorlaudanosoline,  4'-O-
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methyl-laudanosoline, N-methylnorcoclaurine,
laudanosoline, N-methylcoclaurine, 3'-hydroxy-N-methyl-
coclaurine, reticuline, norreticuline, papaverine, laudanine,
laudanosine, tetrahydropapaverine, 1,2-dihydropapaverine
and orientaline.

[0058] Protoberberines may include, but are not limited to,
scoulerine, cheilanthifoline, stylopine, nandinine, jatror-
rhizine, stepholidine, discretamine, cis-N-methylstylopine,
tetrahydrocolumbamine, palmatine, tetrahydropalmatine,
columbamine, canadine, N-methylcanadine, 1-hydroxyca-
nadine, berberine, N-methyl-ophiocarpine, 1,13-dihydroxy-
N-methylcanadine and 1-hydroxy-10-O-acetyl-N-methylca-
nadine.

[0059] Protopines may include, but are not limited to,
protopine, 6-hydroxyprotopine, allocryptopine, cryptopine,
muramine and thalictricine.

[0060] Benzophenanthridines may include, but are not
limited to, dihydrosanguinarine, sanguinarine, dihydroche-
ilirubine, cheilirubine, dihydromarcapine, marcapine and
chelerythrine.

[0061] Promorphinans may include, but are not limited to,
salutaridine, salutaridinol and salutaridinol-7-O-acetate.
[0062] Morphinans may include, but are not limited to,
thebaine, codeinone, codeine, morphine, morphinone, ori-
pavine, neopinone, neopine, neomorphine, hydrocodone,
dihydrocodeine, 14-hydroxycodeinone, oxycodone, 14-hy-
droxycodeine, morphinone, hydromorphone, dihydromor-
phine, dihydroetorphine, ethylmorphine, etorphine, meto-

pon, buprenorphine, pholcodine, heterocodeine, and
oxymorphone.
[0063] Secoberberines may include, but are not limited to,

4'-0O-desmethylmacrantaldehyde, 4'-0O-desmethylpapav-
eroxine, 4'-O-desmethyl-3-O-acetylpapaveroxine and 3-O-
aceteylpapaveroxine.

[0064] Phthalideisoquinolines may include, but are not
limited to, narcotolinehemiacetal, narcotinehemiacetal, nar-
cotoline and noscapine.

[0065] Aporphines may include, but are not limited to,
magnoflorine, corytuberine, apomorphine, boldine, isobol-
dine, isothebaine, isocorytuberine and glaufine.

[0066] Bisbenzylisoquinolines may include, but are not
limited to, berbamunine, guattgaumerine, dauricine and
liensinine.

[0067] Other compounds that may be produced by the
engineered strains of the invention may include, but are not
limited to, rhoeadine, pavine, isopavine and cularine.
[0068] In certain embodiments, the engineered strains of
the invention may provide a platform for producing com-
pounds related to tetrahydrobiopterin synthesis including,
but not limited to, dihydroneopterin triphosphate, 6-pyru-
voyl tetrahydropterin, 5,6,7,8-tetrahydrobiopterin, 7,8-dihy-
drobiopterin, tetrahydrobiopterin 4a-carbinolamine, quinoid
dihydrobiopterin and biopterin.

Host Cells

[0069] As summarized above, one aspect of the invention
is a host cell that produces one or more BIAs of interest. Any
convenient cells may be utilized in the subject host cells and
methods. In some cases, the host cells are non-plant cells. In
some instances, the host cells may be characterized as
microbial cells. In certain cases, the host cells are insect
cells, mammalian cells, bacterial cells, or yeast cells. Any
convenient type of host cell may be utilized in producing the
subject BIA-producing cells, see, e.g., US2008/0176754
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now published as U.S. Pat. No. 8,975,063, US2014/0273109
(Attorney Docket No. STAN-1018) and W(02014/143744
(Attorney Docket No. STAN-1018WO); the disclosures of
which are incorporated by reference in their entirety. Host
cells of interest include, but are not limited to, bacterial cells,
such as Bacillus subtilis, Escherichia coli, Streptomyces and
Salmonella typhimuium cells, insect cells such as Droso-
phila melanogaster S2 and Spodoptera frugiperda S19 cells,
and yeast cells such as Saccharomyces cerevisiae, Schi-
zosaccharomyces pombe, and Pichia pastoris cells. In some
embodiments, the host cells are yeast cells or E. coli cells.
In some cases, the host cell is a yeast cell. In some instances
the host cell is from a strain of yeast engineered to produce
a BIA of interest. Any of the host cells described in US2008/
0176754 now published as U.S. Pat. No. 8,975,063,
US2014/0273109 (Attorney Docket No. STAN-1018) and
W02014/143744 (Attorney Docket No. STAN-1018W0),
may be adapted for use in the subject cells and methods. In
certain embodiments, the yeast cells may be of the species
Saccharomyces cerevisiae (S. cerevisiae). In certain embodi-
ments, the yeast cells may be of the species Schizosaccha-
romyces pombe. In certain embodiments, the yeast cells may
be of the species Pichia pastoris. Yeast is of interest as a host
cell because cytochrome P450 proteins, which are involved
in some biosynthetic pathways of interest, are able to fold
properly into the endoplasmic reticulum membrane so that
their activity is maintained. Yeast strains of interest that find
use in the invention include, but are not limited to, CEN.PK
(Genotype: MATa/a ura3-52/ura3-52 trpl1-289/trp1-289
leu2-3_112/1eu2-3_112 his3 Al/his3 Al MAL2-8C/MAL2-
8C SUC2/SUC2), S288C, W303, D273-10B, X2180,
A364A, 212788, AB972, SK1, and FL100. In certain cases,
the yeast strain is any of S288C (MATa; SUC2 mal mel gal2
CUPI1 flol flo8-1 hapl), BY4741 (MATa,; his3A1; leu2A0;
met15A0; ura3A0), BY4742 (MATa; his3Al; leu2A0;
lys2A0; ura3A0), BY4743 (MATa/MATa; his3A1/his3A1;
leu2A0/1eu2A0; metl SAO/MET1S; LYS2/1ys2A0; ura3A0/
ura3A0), and WAT11 or W(R), derivatives of the W303-B
strain (MATa; ade2-1; his3-11, -15; leu2-3, -112; ura3-1;
canR; cyr+) which express the Arabidopsis thaliana
NADPH-P450 reductase ATR1 and the yeast NADPH-P450
reductase CPR1, respectively. In another embodiment, the
yeast cell is W303alpha (MATa; his3-11, 15 trpl-1 leu2-3
ura3-1 ade2-1). The identity and genotype of additional
yeast strains of interest may be found at EUROSCARF
(web.uni-frankfurt.de/fb15/mikro/euroscarf/col_index.
html).

[0070] The host cells may be engineered to include one or
more modifications (such as two or more, three or more, four
or more, five or more, or even more modifications) that
provide for the production of BIAs of interest. In some
cases, by modification is meant a genetic modification, such
as a mutation, addition, or deletion of a gene or fragment
thereof, or transcription regulation of a gene or fragment
thereof. In some cases, the one or more (such as two or more,
three or more, or four or more) modifications is selected
from: a feedback inhibition alleviating mutation in a bio-
synthetic enzyme gene native to the cell; a transcriptional
modulation modification of a biosynthetic enzyme gene
native to the cell; an inactivating mutation in an enzyme
native to the cell; and a heterologous coding sequence that
encodes an enzyme. A cell that includes one or more
modifications may be referred to as a modified cell.



US 2019/0055567 Al

[0071] A modified cell may overproduce one or more
precursor BIA, BIA, or modified BIA molecules. By over-
produce is meant that the cell has an improved or increased
production of a BIA molecule of interest relative to a control
cell (e.g., an unmodified cell). By improved or increased
production is meant both the production of some amount of
the BIA of interest where the control has no BIA precursor
production, as well as an increase of about 10% or more,
such as about 20% or more, about 30% or more, about 40%
or more, about 50% or more, about 60% or more, about 80%
or more, about 100% or more, such as 2-fold or more, such
as 5-fold or more, including 10-fold or more in situations
where the control has some BIA of interest production.
[0072] Insome cases, the host cell is capable of producing
an increased amount of norcoclaurine relative to a control
host cell that lacks the one or more modifications (e.g., as
described herein). In certain instances, the increased amount
of norcoclaurine is about 10% or more relative to the control
host cell, such as about 20% or more, about 30% or more,
about 40% or more, about 50% or more, about 60% or more,
about 80% or more, about 100% or more, 2-fold or more,
5-fold or more, or even 10-fold or more relative to the
control host cell.

[0073] Insome cases, the host cell is capable of producing
an increased amount of norlaudanosoline relative to a con-
trol host cell that lacks the one or more modifications (e.g.,
as described herein). In certain instances, the increased
amount of norlaudanosoline is about 10% or more relative to
the control host cell, such as about 20% or more, about 30%
or more, about 40% or more, about 50% or more, about 60%
or more, about 80% or more, about 100% or more, 2-fold or
more, 5-fold or more, or even 10-fold or more relative to the
control host cell.

[0074] In some embodiments, the host cell is capable of
producing a 10% or more yield of norcoclaurine from a
starting compound such as tyrosine, such as 20% or more,
30% or more, 40% or more, 50% or more, 60% or more,
70% or more, 80% or more, or even 90% or more yield of
norcoclaurine from a starting compound.

[0075] In some embodiments, the host cell is capable of
producing a 10% or more yield of norlaudanosoline from a
starting compound such as tyrosine, such as 20% or more,
30% or more, 40% or more, 50% or more, 60% or more,
70% or more, 80% or more, or even 90% or more yield of
norlaudanosoline from a starting compound.

[0076] In some embodiments, the host cell overproduces
one or more BIA of interest molecule selected from the
group consisting of tyrosine, 4-hydroxyphenylacetaldehyde
(4-HPA), L-3,4-dihydroxyphenylalanine (L-DOPA), 3,4-di-
hydroxyphenylacetaldehyde (3,4-DHPA) and dopamine.
[0077] Any convenient combinations of the one or more
modifications may be included in the subject host cells. In
some cases, two or more (such as two or more, three or
more, or four or more) different types of modifications are
included. In certain instances, two or more (such as three or
more, four or more, five or more, or even more) distinct
modifications of the same type of modification are included
in the subject cells.

[0078] In some embodiments of the host cell, when the
cell includes one or more heterologous coding sequences
that encode one or more enzymes, it includes at least one
additional modification selected from the group consisting
of: a feedback inhibition alleviating mutations in a biosyn-
thetic enzyme gene native to the cell; a transcriptional
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modulation modification of a biosynthetic enzyme gene
native to the cell; and an inactivating mutation in an enzyme
native to the cell. In certain embodiments of the host cell,
when the cell includes one or more feedback inhibition
alleviating mutations in one or more biosynthetic enzyme
genes native to the cell, it includes a least one additional
modification selected from the group consisting of: a tran-
scriptional modulation modification of a biosynthetic
enzyme gene native to the cell; an inactivating mutation in
an enzyme native to the cell; and a heterologous coding
sequence that encode an enzyme. In some embodiments of
the host cell, when the cell includes one or more transcrip-
tional modulation modifications of one or more biosynthetic
enzyme genes native to the cell, it includes at least one
additional modification selected from the group consisting
of: a feedback inhibition alleviating mutation in a biosyn-
thetic enzyme gene native to the cell; an inactivating muta-
tion in an enzyme native to the cell; and a heterologous
coding sequence that encodes an enzyme. In certain
instances of the host cell, when the cell includes one or more
inactivating mutations in one or more enzymes native to the
cell, it includes at least one additional modification selected
from the group consisting of: a feedback inhibition allevi-
ating mutation in a biosynthetic enzyme gene native to the
cell; a transcriptional modulation modification of a biosyn-
thetic enzyme gene native to the cell; and a heterologous
coding sequence that encodes an enzyme.

[0079] In certain embodiments of the host cell, the cell
includes one or more feedback inhibition alleviating muta-
tions in one or more biosynthetic enzyme genes native to the
cell; and one or more transcriptional modulation modifica-
tions of one or more biosynthetic enzyme gene native to the
cell. In certain embodiments of the host cell, the cell
includes one or more feedback inhibition alleviating muta-
tions in one or more biosynthetic enzyme genes native to the
cell; and one or more inactivating mutations in an enzyme
native to the cell. In certain embodiments of the host cell, the
cell includes one or more feedback inhibition alleviating
mutations in one or more biosynthetic enzyme genes native
to the cell; and one or more heterologous coding sequences.
In some embodiments, the host cell includes one or more
modifications (e.g., as described herein) that include one or
more of the genes of interest described in Table 1.

Feedback Inhibition Alleviating Mutations

[0080] In some instances, the host cells are cells that
include one or more feedback inhibition alleviating muta-
tions (such as two or more, three or more, four or more, five
or more, or even more) in one or more biosynthetic enzyme
genes of the cell. In some cases, the one or more biosynthetic
enzyme genes are native to the cell (e.g., is present in an
unmodified cell). As used herein, the term “feedback inhi-
bition alleviating mutation” refers to a mutation that allevi-
ates a feedback inhibition control mechanism of a host cell.
Feedback inhibition is a control mechanism of the cell in
which an enzyme in the synthetic pathway of a regulated
compound is inhibited when that compound has accumu-
lated to a certain level, thereby balancing the amount of the
compound in the cell. In some instances, the one or more
feedback inhibition alleviating mutations is in an enzyme
described in a synthetic pathway of FIG. 1 or FIG. 2. A
mutation that alleviates feedback inhibition reduces the
inhibition of a regulated enzyme in the cell of interest
relative to a control cell and provides for an increased level
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of the regulated compound or a downstream biosynthetic
product thereof. In some cases, by alleviating inhibition of
the regulated enzyme is meant that the 105, of inhibition is
increased by 2-fold or more, such as by 3-fold or more,
5-fold or more, 10-fold or more, 30-fold or more, 100-fold
or more, 300-fold or more, 1000-fold or more, or even more.
By increased level is meant a level that is 110% or more of
that of the regulated compound in a control cell or a
downstream product thereof, such as 120% or more, 130%
or more, 140% or more, 150% or more, 160% or more,
170% or more, 180% or more, 190% or more, or 200% or
more, such as at least 3-fold or more, at least 5-fold or more,
at least 10-fold or more or even more of the regulated
compound in the host cell or a downstream product thereof.

[0081] A variety of feedback inhibition control mecha-
nisms and biosynthetic enzymes native to the host cell that
are directed to regulation of levels of BIA precursors may be
targeted for alleviation in the host cell. The host cell may
include one or more feedback inhibition alleviating muta-
tions in one or more biosynthetic enzyme genes native to the
cell. The mutation may be located in any convenient bio-
synthetic enzyme genes native to the host cell where the
biosynthetic enzyme is subject to regulatory control. In
some embodiments, the one or more biosynthetic enzyme
genes encode one or more enzymes selected from a 3-deoxy-
d-arabinose-heptulosonate-7-phosphate (DAHP) synthase
and a chorismate mutase. In some embodiments, the one or
more biosynthetic enzyme genes encode a 3-deoxy-d-arab-
inose-heptulosonate-7-phosphate  (DAHP) synthase. In
some instances, the one or more biosynthetic enzyme genes
encode a chorismate mutase. In certain instances, the one or
more feedback inhibition alleviating mutations are present in
a biosynthetic enzyme gene selected from ARO4 and ARO7.
In certain instances, the one or more feedback inhibition
alleviating mutations are present in a biosynthetic enzyme
gene that is ARO4. In certain instances, the one or more
feedback inhibition alleviating mutations are present in a
biosynthetic enzyme gene that is ARO7. In some embodi-
ments, the host cell includes one or more feedback inhibition
alleviating mutations in one or more biosynthetic enzyme
genes such as one of those genes described in Table 1.

[0082] Any convenient numbers and types of mutations
may be utilized to alleviate a feedback inhibition control
mechanism. As used herein, the term “mutation” refers to a
deletion, insertion, or substitution of an amino acid(s) resi-
due or nucleotide(s) residue relative to a reference sequence
or motif. The mutation may be incorporated as a directed
mutation to the native gene at the original locus. In some
cases, the mutation may be incorporated as an additional
copy of the gene introduced as a genetic integration at a
separate locus, or as an additional copy on an episomal
vector such as a 2u or centromeric plasmid. In certain
instances, the feedback inhibited copy of the enzyme is
under the native cell transcriptional regulation. In some
instances, feedback inhibited copy of the enzyme is intro-
duced with engineered constitutive or dynamic regulation of
protein expression by placing it under the control of a
synthetic promoter.

[0083] In certain embodiments, the one or more feedback
inhibition alleviating mutations are present in the ARO4
gene. ARO4 mutations of interest include, but are not
limited to, substitution of the lysine residue at position 229
with a leucine, a substitution of the glutamine residue at
position 166 with a lysine residue, or a mutation as described
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by Hartmann M, et al. ((2003) Proc. Nat’l Acad. Sci. USA
100(3):862-867) or Fukuda et al. ((1992) J Ferment Bioeng
74(2):117-119). In some instances, mutations for conferring
feedback inhibition are selected from a mutagenized library
of enzyme mutants. Examples of such selections include
rescue of growth of o-fluoro-D,L-phenylalanine or growth
of'aro3 mutant yeast strains in media with excess tyrosine as
described by Fukuda et al. ((1990) Breeding of Brewing
Yeast Producing a Large Amount of Beta-Phenylethyl Alco-
hol and Beta-Phenylethyl Acetate. Agr Biol Chem Tokyo
54(1):269-271).

[0084] ARO7 mutations of interest include, but are not
limited to, substitution of the threonine residue at position
226 with an isoleucine, as described by Schmidheini et al.
((1989), J Bacteriol 171(3):1245-1253) and additional muta-
tions conferring feedback inhibition selected from a muta-
genized library of microbial chorismate mutase mutants.
Examples of such selections include assays for 5-methyl-
tryptophan sensitivity or increased production of melanin
pigments in strains expressing heterologous tyrosinase
enzymes (1.9) in the absence of externally fed tyrosine.
[0085] In certain embodiments, the host cells of the pres-
ent invention may include 1 or more, 2 or more, 3 or more,
4 or more, 5 or more, 6 or more, 7 or more, 8 or more, 9 or
more, 10 or more, 11 or more, 12 or more, 13 or more, 14
or more, or even 15 or more feedback inhibition alleviating
mutations, such as 1, 2, 3,4, 5,6,7,8,9,10, 11, 12, 13, 14
or 15 feedback inhibition alleviating mutations in one or
more biosynthetic enzyme genes native to the host cell.

Transcriptional Modulation Modifications

[0086] The host cells may include one or more transcrip-
tional modulation modifications (such as two or more, three
or more, four or more, five or more, or even more modifi-
cations) of one or more biosynthetic enzyme genes of the
cell. In some cases, the one or more biosynthetic enzyme
genes are native to the cell. Any convenient biosynthetic
enzyme genes of the cell may be targeted for transcription
modulation. By transcription modulation is meant that the
expression of a gene of interest in a modified cell is
modulated, e.g., increased or decreased, enhanced or
repressed, relative to a control cell (e.g., an unmodified cell).
In some cases, transcriptional modulation of the gene of
interest includes increasing or enhancing expression. By
increasing or enhancing expression is meant that the expres-
sion level of the gene of interest is increased by 2-fold or
more, such as by 5-fold or more and sometimes by 25-, 50-,
or 100-fold or more and in certain embodiments 300-fold or
more or higher, as compared to a control, i.e., expression in
the same cell not modified (e.g., by using any convenient
gene expression assay). Alternatively, in cases where expres-
sion of the gene of interest in a cell is so low that it is
undetectable, the expression level of the gene of interest is
considered to be increased if expression is increased to a
level that is easily detectable. In certain instances, transcrip-
tional modulation of the gene of interest includes decreasing
or repressing expression. By decreasing or repressing
expression is meant that the expression level of the gene of
interest is decreased by 2-fold or more, such as by 5-fold or
more and sometimes by 25-, 50-, or 100-fold or more and in
certain embodiments 300-fold or more or higher, as com-
pared to a control. In some cases, expression is decreased to
a level that is undetectable. Modifications of host cell
processes of interest that may be adapted for use in the
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subject host cells are described in U.S. Publication No.
20140273109 (Ser. No. 14/211,611) by Smolke et al., the
disclosure of which is herein incorporated by reference in its
entirety.

[0087] Any convenient biosynthetic enzyme genes may be
transcriptionally modulated, and include but are not limited
to, those biosynthetic enzymes described in FIG. 1, such as
ARO3, ARO4, AROI, ARO7, TYRI, TYR, TyrH, DODC,
MAO, ARO10, ARO9, and TKL. In some instances, the one
or more biosynthetic enzyme genes is selected from ARO10,
ARO9, and TKL. In some cases, the one or more biosyn-
thetic enzyme genes is ARO10. In certain instances, the one
or more biosynthetic enzyme genes is ARO9. In some
embodiments, the one or more biosynthetic enzyme genes is
TKL. In some embodiments, the host cell includes one or
more transcriptional modulation modifications to one or
more genes such as one of those genes described in Table 1.
In some embodiments, the host cell includes one or more
transcriptional modulation modifications to one or more
genes such as one of those genes described in a synthetic
pathway of one of FIGS. 1 and 2.

[0088] In some embodiments, the transcriptional modula-
tion modification includes substitution of a strong promoter
for a native promoter of the one or more biosynthetic
enzyme genes or the expression of an additional copy(ies) of
the gene or genes under the control of a strong promoter. The
promoters driving expression of the genes of interest may be
constitutive promoters or inducible promoters, provided that
the promoters may be active in the host cells. The genes of
interest may be expressed from their native promoters, or
non-native promoters may be used. Although not a require-
ment, such promoters should be medium to high strength in
the host in which they are used. Promoters may be regulated
or constitutive. In some embodiments, promoters that are not
glucose repressed, or repressed only mildly by the presence
of glucose in the culture medium, are used. There are
numerous suitable promoters, examples of which include
promoters of glycolytic genes such as the promoter of the B.
subtilis tsr gene (encoding fructose biphosphate aldolase) or
GAPDH promoter from yeast S. cerevisiae (coding for
glyceraldehyde-phosphate dehydrogenase) (Bitter G. A.,
Meth. Enzymol. 152:673 684 (1987)). Other strong promot-
ers of interest include, but are not limited to, the ADHI
promoter of baker’s yeast (Ruohonen L., et al, J. Biotechnol.
39:193 203 (1995)), the phosphate-starvation induced pro-
moters such as the PHOS promoter of yeast (Hinnen, A., et
al, in Yeast Genetic Engineering, Barr, P. J., et al. eds,
Butterworths (1989), the alkaline phosphatase promoter
from B. licheniformis (Lee. J. W. K., et al., J. Gen. Micro-
biol. 137:1127 1133 (1991)), GPD1 and TEF1. Yeast pro-
moters of interest include, but are not limited to, inducible
promoters such as Gall-10, Gall, Gall, GalS, repressible
promoter Met25, tetO, and constitutive promoters such as
glyceraldehyde 3-phosphate dehydrogenase promoter
(GPD), alcohol dehydrogenase promoter (ADH), transla-
tion-elongation factor-1-alpha promoter (TEF), cytochrome
c-oxidase promoter (CYC1), MRP7 promoter, etc. In some
instances, the strong promoter is GPD1. In certain instances,
the strong promoter is TEF1. Autonomously replicating
yeast expression vectors containing promoters inducible by
hormones such as glucocorticoids, steroids, and thyroid
hormones are also known and include, but are not limited to,
the glucorticoid responsive element (GRE) and thyroid
hormone responsive element (TRE), see e.g., those promot-
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ers described in U.S. Pat. No. 7,045,290. Vectors containing
constitutive or inducible promoters such as alpha factor,
alcohol oxidase, and PGH may be used. Additionally any
promoter/enhancer combination (as per the Eukaryotic Pro-
moter Data Base EPDB) could also be used to drive expres-
sion of genes of interest. It is understood that any convenient
promoters specific to the host cell may be selected, e.g., E.
coli. In some cases, promoter selection may be used to
optimize transcription, and hence, enzyme levels to maxi-
mize production while minimizing energy resources.

Inactivating Mutations

[0089] The host cells may include one or more inactivat-
ing mutations to an enzyme of the cell (such as two or more,
three or more, four or more, five or more, or even more). The
inclusion of one or more inactivating mutations may modify
the flux of a synthetic pathway of a host cell to increase the
levels of a BIA of interest or a desirable enzyme or precursor
leading to the same. In some cases, the one or more
inactivating mutations are to an enzyme native to the cell.
FIG. 2 illustrates a native pentose phosphate pathway (PPP)
flux and modified PPP flux where that involves inactivation
of ZWF1 enzyme. As used herein, by “inactivating muta-
tion” is meant one or more mutations to a gene or regulatory
DNA sequence of the cell, where the mutation(s) inactivates
a biological activity of the protein expressed by that gene of
interest. In some cases, the gene is native to the cell. In some
instances, the gene encodes an enzyme that is inactivated
and is part of or connected to the synthetic pathway of a BIA
of interest produced by the host cell. In some instances, an
inactivating mutation is located in a regulatory DNA
sequence that controls a gene of interest. In certain cases, the
inactivating mutation is to a promoter of a gene. Any
convenient mutations (e.g., as described herein) may be
utilized to inactivate a gene or regulatory DNA sequence of
interest. By “inactivated” or “inactivates” is meant that a
biological activity of the protein expressed by the mutated
gene is reduced by 10% or more, such as by 20% or more,
30% or more, 40% or more, 50% or more, 60% or more,
70% or more, 80% or more, 90% or more, 95% or more,
97% or more, or 99% or more, relative to a control protein
expressed by a non-mutated control gene. In some cases, the
protein is an enzyme and the inactivating mutation reduces
the activity of the enzyme.

[0090] In some embodiments, the cell includes an inacti-
vating mutation in an enzyme native to the cell. Any
convenient enzymes may be targeted for inactivation.
Enzymes of interest include, but are not limited to those
enzymes, described in FIGS. 1 and 2 whose action in the
synthetic pathway of the host cell tends to reduce the levels
of'a BIA of interest. In some cases, the enzyme has glucose-
6-phosphate dehydrogenase activity. In certain embodi-
ments, the enzyme that includes an inactivating mutation is
ZWF1 (see e.g., FIG. 2). In some cases, the enzyme has
alcohol dehydrogenase activity. In some embodiments, the
enzyme that includes an inactivating mutation is selected
from ADH2, ADH3, ADH4, ADHS, ADH6, ADH7, and
SFAL1. In certain embodiments, the enzyme that includes an
inactivating mutation(s) is ADH2. In certain embodiments,
the enzyme that includes an inactivating mutation(s) is
ADH3. In certain embodiments, the enzyme that includes an
inactivating mutation(s) is ADH4. In certain embodiments,
the enzyme that includes an inactivating mutation(s) is
ADHS. In certain embodiments, the enzyme that includes an
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inactivating mutation(s) is ADH6. In certain embodiments,
the enzyme that includes an inactivating mutation(s) is
ADH?Y7. In some cases, the enzyme has aldehyde oxidoreduc-
tase activity. In certain embodiments, the enzyme that
includes an inactivating mutation is selected from ALD2,
ALD3, ALD4, ALDS, and ALD6. In certain embodiments,
the enzyme that includes an inactivating mutation(s) is
ALD?2. In certain embodiments, the enzyme that includes an
inactivating mutation(s) is ALD3. In certain embodiments,
the enzyme that includes an inactivating mutation(s) is
ALDA4. In certain embodiments, the enzyme that includes an
inactivating mutation(s) is ALDS. In certain embodiments,
the enzyme that includes an inactivating mutation(s) is
ALDG6. In some embodiments, the host cell includes one or
more inactivating mutations to one or more genes described
in Table 1.

Heterologous Coding Sequences

[0091] In some instances, the host cells are cells that
harbor one or more heterologous coding sequences (such as
two or more, three or more, four or more, five or more, or
even more) which encode activity(ies) that enable the host
cells to produce desired BIAs of interest, e.g., as described
herein. As used herein, the term ‘“heterologous coding
sequence” is used to indicate any polynucleotide that codes
for, or ultimately codes for, a peptide or protein or its
equivalent amino acid sequence, e.g., an enzyme, that is not
normally present in the host organism and may be expressed
in the host cell under proper conditions. As such, “heterolo-
gous coding sequences” includes multiple copies of coding
sequences that are normally present in the host cell, such that
the cell is expressing additional copies of a coding sequence
that are not normally present in the cells. The heterologous
coding sequences may be RNA or any type thereof, e.g.,
mRNA, DNA or any type thereof, e.g., cDNA, or a hybrid
of RNA/DNA. Coding sequences of interest include, but are
not limited to, full-length transcription units that include
such features as the coding sequence, introns, promoter
regions, 3'-UTRs, and enhancer regions.

[0092] In examples, the engineered host cell comprises a
plurality of heterologous coding sequences each encoding an
enzyme. In some examples, the plurality of enzymes
encoded by the plurality of heterologous coding sequences
may be distinct from each other. In some examples, some the
plurality of enzymes encoded by the plurality of heterolo-
gous coding sequences may be distinct from each other and
some of the plurality of enzymes encoded by the plurality of
heterologous coding sequences may be duplicate copies.
[0093] In some examples, the heterologous coding
sequences may be operably connected. Heterologous coding
sequences that are operably connected may be within the
same pathway of producing a particular benzylisoquinoline
alkaloid product. In some examples, the operably connected
heterologous coding sequences may be directly sequential
along the pathway of producing a particular benzylisoqui-
noline alkaloid product. In some examples, the operably
connected heterologous coding sequences may have one or
more native enzymes between one or more of the enzymes
encoded by the plurality of heterologous coding sequences.
In some examples, the heterologous coding sequences may
have one or more heterologous enzymes between one or
more of the enzymes encoded by the plurality of heterolo-
gous coding sequences. In some examples, the heterologous
coding sequences may have one or more non-native
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enzymes between one or more of the enzymes encoded by
the plurality of heterologous coding sequences.

[0094] In some embodiments, the host cell includes nor-
coclaurine (NC) synthase activity. Any convenient NC syn-
thase enzymes find use in the subject host cells. NC synthase
enzymes of interest include, but are not limited to, enzymes
such as EC 4.2.1.78, as described in Table 1. In certain
embodiments, the host cell includes a heterologous coding
sequence for an NC synthase or an active fragment thereof.
In some instances, the host cell includes one or more
heterologous coding sequences for one or more enzymes or
active fragments thereof that convert tyrosine to L-DOPA. In
certain cases, the one or more enzymes is selected from
bacterial tyrosinases, eukaryotic tyrosinases (e.g., EC 1.14.
18.1) and tyrosine hydroxylases (e.g., EC 1.14.16.2.) In
some instances, the host cell includes one or more heterolo-
gous coding sequences for one or more enzymes or active
fragments thereof that convert L-DOPA to dopamine (e.g.,
EC 4.1.1.28).

[0095] In certain embodiments, the cell includes one or
more heterologous coding sequences for one or more
enzymes or active fragments thereof that convert dopamine
to 3,4-DHPA. In certain cases, the one or more enzymes is
a monoamine oxidase (MAO) (e.g., EC 1.4.3.4). The one or
more heterologous coding sequences may be derived from
any convenient species (e.g., as described herein). In some
cases, the one or more heterologous coding sequences may
be derived from a species described in Table 1. In some
cases, the one or more heterologous coding sequences are
present in a gene or enzyme selected from those described
in Table 1.

[0096] In some instances, the one or more heterologous
coding sequences include a MAO coding sequence inte-
grated at a genomic locus encoding native ARO10. In certain
instances, the one or more heterologous coding sequences
include a MAO coding sequence operably linked to an
inducible promoter. In some embodiments, the inducible
promoter is part of an inducible system including a DNA
binding protein targeted to a promoter regulating the ARO10
gene. In some embodiments, the host cell includes one or
more heterologous coding sequences for one or more
enzymes or active fragments thereof described in the genes
of Table 1.

[0097] As used herein, the term “heterologous coding
sequences” also includes the coding portion of the peptide or
enzyme, i.e., the cDNA or mRNA sequence, of the peptide
or enzyme, as well as the coding portion of the full-length
transcriptional unit, i.e., the gene including introns and
exons, as well as “codon optimized” sequences, truncated
sequences or other forms of altered sequences that code for
the enzyme or code for its equivalent amino acid sequence,
provided that the equivalent amino acid sequence produces
a functional protein. Such equivalent amino acid sequences
may have a deletion of one or more amino acids, with the
deletion being N-terminal, C-terminal, or internal. Truncated
forms are envisioned as long as they have the catalytic
capability indicated herein. Fusions of two or more enzymes
are also envisioned to facilitate the transfer of metabolites in
the pathway, provided that catalytic activities are main-
tained.

[0098] Operable fragments, mutants or truncated forms
may be identified by modeling and/or screening. This is
made possible by deletion of, for example, N-terminal,
C-terminal, or internal regions of the protein in a step-wise
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fashion, followed by analysis of the resulting derivative with
regard to its activity for the desired reaction compared to the
original sequence. If the derivative in question operates in
this capacity, it is considered to constitute an equivalent
derivative of the enzyme proper.

[0099] Aspects of the present invention also relate to
heterologous coding sequences that code for amino acid
sequences that are equivalent to the native amino acid
sequences for the various enzymes. An amino acid sequence
that is “equivalent” is defined as an amino acid sequence that
is not identical to the specific amino acid sequence, but
rather contains at least some amino acid changes (deletions,
substitutions, inversions, insertions, etc.) that do not essen-
tially affect the biological activity of the protein as compared
to a similar activity of the specific amino acid sequence,
when used for a desired purpose. The biological activity
refers to, in the example of a decarboxylase, its catalytic
activity. Equivalent sequences are also meant to include
those which have been engineered and/or evolved to have
properties different from the original amino acid sequence.
Mutable properties of interest include catalytic activity,
substrate specificity, selectivity, stability, solubility, local-
ization, etc. In certain embodiments, an “equivalent” amino
acid sequence contains at least 80%-99% identity at the
amino acid level to the specific amino acid sequence, in
some cases at least about 85%, 86%, 87%, 88%, 89%, 90%,
91%, 92%, 93%, 94% and more in certain cases, at least
95%, 96%, 97%, 98% and 99% identity, at the amino acid
level. In some cases, the amino acid sequence may be
identical but the DNA sequence is altered such as to opti-
mize codon usage for the host organism, for example.

[0100] The host cells may also be modified to possess one
or more genetic alterations to accommodate the heterolo-
gous coding sequences. Alterations of the native host
genome include, but are not limited to, modifying the
genome to reduce or ablate expression of a specific protein
that may interfere with the desired pathway. The presence of
such native proteins may rapidly convert one of the inter-
mediates or final products of the pathway into a metabolite
or other compound that is not usable in the desired pathway.
Thus, if the activity of the native enzyme were reduced or
altogether absent, the produced intermediates would be
more readily available for incorporation into the desired
product.

[0101] In some instances, where ablation of expression of
a protein may be of interest, the alteration is in proteins
involved in the pleiotropic drug response, including, but not
limited to, ATP-binding cassette (ABC) transporters, multi-
drug resistance (MDR) pumps, and associated transcription
factors. These proteins are involved in the export of BIA
molecules into the culture medium, thus deletion controls
the export of the compounds into the media, making them
more available for incorporation into the desired product. In
some embodiments, host cell gene deletions of interest
include genes associated with the unfolded protein response
and endoplasmic reticulum (ER) proliferation. Such gene
deletions may lead to improved BIA production. The expres-
sion of cytochrome P450s may induce the unfolded protein
response and may cause the ER to proliferate. Deletion of
genes associated with these stress responses may control or
reduce overall burden on the host cell and improve pathway
performance. Genetic alterations may also include modify-
ing the promoters of endogenous genes to increase expres-
sion and/or introducing additional copies of endogenous
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genes. Examples of this include the construction/use of
strains which overexpress the endogenous yeast NADPH-
P450 reductase CPR1 to increase activity of heterologous
P450 enzymes. In addition, endogenous enzymes such as
AROS, 9, and 10, which are directly involved in the syn-
thesis of intermediate metabolites, may also be overex-
pressed.

[0102] Heterologous coding sequences of interest include
but are not limited to sequences that encode enzymes, either
wild-type or equivalent sequences, that are normally respon-
sible for the production of BIAs and precursors in plants. In
some cases, the enzymes for which the heterologous
sequences code may be any of the enzymes in the BIA
pathway, and may be from any convenient source. The
choice and number of enzymes encoded by the heterologous
coding sequences for the particular synthetic pathway may
be selected based upon the desired product. In certain
embodiments, the host cells of the present invention may
include 1 or more, 2 or more, 3 or more, 4 or more, 5 or
more, 6 or more, 7 or more, 8§ or more, 9 or more, 10 or more,
11 or more, 12 or more, 13 or more, 14 or more, or even 15
or more heterologous coding sequences, such as 1, 2, 3, 4,
5,6,7,8,9,10, 11, 12, 13, 14, or 15 heterologous coding
sequences.

[0103] In some cases, polypeptide sequences encoded by
the heterologous coding sequences are as reported in GEN-
BANK. Enzymes of interest include, but are not limited to,
those enzymes described herein and those shown in Table 1.
The host cells may include any combination of the listed
enzymes, from any source. Unless otherwise indicated,
accession numbers in Table 1 refer to GenBank. Some
accession numbers refer to the Saccharomyces genome
database (SGD), which is available on the world-wide web
at www.yeastgenome.org.

[0104] In some embodiments, the host cell (e.g., a yeast
strain) is engineered for selective production of a BIA of
interest by localizing one or more enzymes to a compart-
ment in the cell. In some cases, an enzyme may be located
in the host cell such that the compound produced by this
enzyme spontaneously rearranges, or is converted by
another enzyme to a desirable metabolite before reaching a
localized enzyme that may convert the compound into an
undesirable metabolite. The spatial distance between two
enzymes may be selected to prevent one of the enzymes
from acting directly on a compound to make an undesirable
metabolite, and restrict production of undesirable end prod-
ucts (e.g., an undesirable opioid by-product). In certain
embodiments, any of the enzymes described herein, either
singularly or together with a second enzyme, may be local-
ized to any convenient compartment in the host cell, includ-
ing but not limited to, an organelle, endoplasmic reticulum,
golgi, vacuole, nucleus, plasma membrane, or the periplasm.
In some embodiments, the host cell includes one or more of
the enzymes that include a localization tag. Any convenient
tags may be utilized. In some cases, the localization tag is a
peptidic sequence that is attached at the N-terminal and/or
C-terminal of the enzyme.

[0105] Any convenient methods may be utilized for
attaching a tag to the enzyme. In some cases, the localization
tag is derived from an endogenous yeast protein. Such tags
may provide a route to a variety of yeast organelles includ-
ing, but not limited to, the endoplasmic reticulum (ER),
mitochondria (MT), plasma membrane (PM), and vacuole
(V). In certain embodiments, the tag is an ER routing tag
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(e.g., ER1). In certain embodiments, the tag is a vacuole tag
(e.g., V1). In certain embodiments, the tag is a plasma
membrane tag (e.g., P1). In certain instances, the tag
includes or is derived from, a transmembrane domain from
within the tail-anchored class of proteins. In some embodi-
ments, the localization tag locates the enzyme on the outside
of'an organelle. In certain embodiments, the localization tag
locates the enzyme on the inside of an organelle.

[0106] In some instances, the expression of each type of
enzyme is increased through additional gene copies (i.e.,
multiple copies), which increases intermediate accumulation
and/or BIA of interest production. Embodiments of the
present invention include increased BIA of interest produc-
tion in a host cell through simultaneous expression of
multiple species variants of a single or multiple enzymes. In
some cases, additional gene copies of a single or multiple
enzymes are included in the host cell. Any convenient
methods may be utilized including multiple copies of a
heterologous coding sequence for an enzyme in the host cell.

[0107] In some embodiments, the host cell includes mul-
tiple copies of a heterologous coding sequence for an
enzyme, such as 2 or more, 3 or more, 4 or more, 5 or more,
or even 10 or more copies. In certain embodiments, the host
cell includes multiple copies of heterologous coding
sequences for one or more enzymes, such as multiple copies
of two or more, three or more, four or more, etc. In some
cases, the multiple copies of the heterologous coding
sequence for an enzyme are derived from two or more
different source organisms as compared to the host cell. For
example, the host cell may include multiple copies of one
heterologous coding sequence, where each of the copies is
derived from a different source organism. As such, each
copy may include some variations in explicit sequences
based on inter-species differences of the enzyme of interest
that is encoded by the heterologous coding sequence.

[0108] In some embodiments of the host cell, the heter-
ologous coding sequence is from a source organism selected
from the group consisting of P. somniferum, T. flavum, and
C. japonica. In some instances, the source organism is P.
somniferum, E. californica, C. japonica, T. flavum, Berberis
stolonifer, T. flavum subsp. glaucum, Coptis chinensis, Thal-
ictrum spp, Coptis spp, Papaver spp, Berberis wilsonae, A.
mexicana, or Berberis spp. In certain instances, the heter-
ologous coding sequence is from a source organism selected
from P. somniferum, T. flavum, and C. japonica. In some
embodiments, the host cell includes a heterologous coding
sequence from one or more of the source organisms
described in Table 1.

[0109] The engineered host cell medium may be sampled
and monitored for the production of BIAs of interest. The
BIAs of interest may be observed and measured using any
convenient methods. Methods of interest include, but are not
limited to, LC-MS methods (e.g., as described herein) where
a sample of interest is analyzed by comparison with a known
amount of a standard compound. Identity may be confirmed,
e.g., by m/z and MS/MS fragmentation patterns, and quan-
titation or measurement of the compound may be achieved
via LC trace peaks of know retention time and/or EIC MS
peak analysis by reference to corresponding [.C-MS analysis
of a known amount of a standard of the compound.
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Methods

Process Steps

[0110] As summarized above, aspects of the invention
include methods of preparing a benzylisoquinoline alkaloid
(BIA) of interest. As such, aspects of the invention include
culturing a host cell under conditions in which the one or
more host cell modifications (e.g., as described herein) are
functionally expressed such that the cell converts starting
compounds of interest into product BIAs of interest or
precursors thereof (e.g., pre-reticuline BIAs). Also provided
are methods that include culturing a host cell under condi-
tions suitable for protein production such that one or more
heterologous coding sequences are functionally expressed
and convert starting compounds of interest into product
BIAs of interest. In some instances, the method is a method
of preparing a benzylisoquinoline alkaloid (BIA), include
culturing a host cell (e.g., as described herein); adding a
starting compound to the cell culture; and recovering the
BIA from the cell culture. In some embodiments of the
method, the starting compound, BIA product and host cell
are described by one of the entries of Table 1.

[0111] Fermentation media may contain suitable carbon
substrates. The source of carbon suitable to perform the
methods of this disclosure may encompass a wide variety of
carbon containing substrates. Suitable substrates may
include, without limitation, monosaccharides (e.g., glucose,
fructose, galactose, xylose), oligosaccharides (e.g., lactose,
sucrose, raffinose), polysaccharides (e.g., starch, cellulose),
or a combination thereof. In some cases, unpurified mixtures
from renewable feedstocks may be used (e.g., cornsteep
liquor, sugar beet molasses, barley malt). In some cases, the
carbon substrate may be a one-carbon substrate (e.g., metha-
nol, carbon dioxide) or a two-carbon substrate (e.g., etha-
nol). In other cases, other carbon containing compounds
may be utilized, for example, methylamine, glucosamine,
and amino acids.

[0112] Any convenient methods of culturing host cells
may be employed for producing the BIA precursors and
downstream BIAs of interest. The particular protocol that is
employed may vary, e.g., depending on host cell, the het-
erologous coding sequences, the desired BIA precursors and
downstream BIAs of interest, etc. The cells may be present
in any convenient environment, such as an environment in
which the cells are capable of expressing one or more
functional heterologous enzymes. In vitro, as used herein,
simply means outside of a living cell, regardless of the
location of the cell. As used herein, the term in vivo indicates
inside a living cell, regardless of the location of the cell. In
some embodiments, the cells are cultured under conditions
that are conducive to enzyme expression and with appro-
priate substrates available to allow production of BIA pre-
cursors and downstream BIAs of interest in vivo. In some
embodiments, the functional enzymes are extracted from the
host for production of BIAs under in vitro conditions. In
some instances, the host cells are placed back into a multi-
cellular host organism. The host cells are in any phase of
growth, including, but not limited to, stationary phase and
log-growth phase, etc. In addition, the cultures themselves
may be continuous cultures or they may be batch cultures.
[0113] Cells may be grown in an appropriate fermentation
medium at a temperature between 20-40° C. Cells may be
grown with shaking at any convenient speed (e.g., 200 rpm).
Cells may be grown at a suitable pH. Suitable pH ranges for
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the fermentation may be between pH 5-9. Fermentations
may be performed under aerobic, anaerobic, or microaerobic
conditions. Any suitable growth medium may be used.
Suitable growth media may include, without limitation,
common commercially prepared media such as synthetic
defined (SD) minimal media or yeast extract peptone dex-
trose (YEPD) rich media. Any other rich, defined, or syn-
thetic growth media appropriate to the microorganism may
be used.

[0114] Cells may be cultured in a vessel of essentially any
size and shape. Examples of vessels suitable to perform the
methods of this disclosure may include, without limitation,
multi-well shake plates, test tubes, flasks (baffled and non-
baffled), and bioreactors. The volume of the culture may
range from 10 microliters to greater than 10,000 liters.
[0115] The addition of agents to the growth media that are
known to modulate metabolism in a manner desirable for the
production of alkaloids may be included. In a non-limiting
example, cyclic adenosine 2'3'-monophosphate may be
added to the growth media to modulate catabolite repres-
sion.

[0116] Any convenient cell culture conditions for a par-
ticular cell type may be utilized. In certain embodiments, the
host cells that include one or more modifications are cul-
tured under standard or readily optimized conditions, with
standard cell culture media and supplements. As one
example, standard growth media when selective pressure for
plasmid maintenance is not required may contain 20 g/LL
yeast extract, 10 g/L. peptone, and 20 g/I. dextrose (YPD).
Host cells containing plasmids are grown in synthetic com-
plete (SC) media containing 1.7 g/L. yeast nitrogen base, 5
g/l ammonium sulfate, and 20 g/[L dextrose supplemented
with the appropriate amino acids required for growth and
selection. Alternative carbon sources which may be useful
for inducible enzyme expression include, but are not limited
to, sucrose, raffinose, and galactose. Cells are grown at any
convenient temperature (e.g., 30° C.) with shaking at any
convenient rate (e.g., 200 rpm) in a vessel, e.g., in test tubes
or flasks in volumes ranging from 1-1000 mL, or larger, in
the laboratory.

[0117] Culture volumes may be scaled up for growth in
larger fermentation vessels, for example, as part of an
industrial process. The industrial fermentation process may
be carried out under closed-batch, fed-batch, or continuous
chemostat conditions, or any suitable mode of fermentation.
In some cases, the cells may be immobilized on a substrate
as whole cell catalysts and subjected to fermentation con-
ditions for alkaloid production.

[0118] A batch fermentation is a closed system, in which
the composition of the medium is set at the beginning of the
fermentation and not altered during the fermentation pro-
cess. The desired organism(s) are inoculated into the
medium at the beginning of the fermentation. In some
instances, the batch fermentation is run with alterations
made to the system to control factors such as pH and oxygen
concentration (but not carbon). In this type of fermentation
system, the biomass and metabolite compositions of the
system change continuously over the course of the fermen-
tation. Cells typically proceed through a lag phase, then to
a log phase (high growth rate), then to a stationary phase
(growth rate reduced or halted), and eventually to a death
phase (if left untreated).

[0119] A fed-batch fermentation is similar to a batch
fermentation, except that the substrate is added in intervals
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to the system over the course of the fermentation process.
Fed-batch systems are used to reduce the impact of catabo-
lite repression on the metabolism of the host cells and under
other circumstances where it is desired to have limited
amounts of substrate in the growth media.

[0120] A continuous fermentation is an open system, in
which a defined fermentation medium is added continuously
to the bioreactor and an equal amount of fermentation media
is continuously removed from the vessel for processing.
Continuous fermentation systems are generally operated to
maintain steady state growth conditions, such that cell loss
due to medium being removed must be balanced by the
growth rate in the fermentation. Continuous fermentations
are generally operated at conditions where cells are at a
constant high cell density. Continuous fermentations allow
for the modulation of one or more factors that affect target
product concentration and/or cell growth.

[0121] The liquid medium may include, but is not limited
to, a rich or synthetic defined medium having an additive
component described above. Media components may be
dissolved in water and sterilized by heat, pressure, filtration,
radiation, chemicals, or any combination thereof. Several
media components may be prepared separately and steril-
ized, and then combined in the fermentation vessel. The
culture medium may be buffered to aid in maintaining a
constant pH throughout the fermentation.

[0122] Process parameters including temperature, dis-
solved oxygen, pH, stirring, aeration rate, and cell density
may be monitored or controlled over the course of the
fermentation. For example, temperature of a fermentation
process may be monitored by a temperature probe immersed
in the culture medium. The culture temperature may be
controlled at the set point by regulating the jacket tempera-
ture. Water may be cooled in an external chiller and then
flowed into the bioreactor control tower and circulated to the
jacket at the temperature required to maintain the set point
temperature in the vessel.

[0123] Additionally, a gas flow parameter may be moni-
tored in a fermentation process. For example, gases may be
flowed into the medium through a sparger. Gases suitable for
the methods of this disclosure may include compressed air,
oxygen, and nitrogen. Gas flow may be at a fixed rate or
regulated to maintain a dissolved oxygen set point.

[0124] The pH of a culture medium may also be moni-
tored. In examples, the pH may be monitored by a pH probe
that is immersed in the culture medium inside the vessel. If
pH control is in effect, the pH may be adjusted by acid and
base pumps which add each solution to the medium at the
required rate. The acid solutions used to control pH may be
sulfuric acid or hydrochloric acid. The base solutions used to
control pH may be sodium hydroxide, potassium hydroxide,
or ammonium hydroxide.

[0125] Further, dissolved oxygen may be monitored in a
culture medium by a dissolved oxygen probe immersed in
the culture medium. If dissolved oxygen regulation is in
effect, the oxygen level may be adjusted by increasing or
decreasing the stirring speed. The dissolved oxygen level
may also be adjusted by increasing or decreasing the gas
flow rate. The gas may be compressed air, oxygen, or
nitrogen.

[0126] Stir speed may also be monitored in a fermentation
process. In examples, the stirrer motor may drive an agitator.
The stirrer speed may be set at a consistent rpm throughout



US 2019/0055567 Al

the fermentation or may be regulated dynamically to main-
tain a set dissolved oxygen level.

[0127] Additionally, turbidity may be monitored in a fer-
mentation process. In examples, cell density may be mea-
sured using a turbidity probe. Alternatively, cell density may
be measured by taking samples from the bioreactor and
analyzing them in a spectrophotometer. Further, samples
may be removed from the bioreactor at time intervals
through a sterile sampling apparatus. The samples may be
analyzed for alkaloids produced by the host cells. The
samples may also be analyzed for other metabolites and
sugars, the depletion of culture medium components, or the
density of cells.

[0128] In another example, a feed stock parameter may be
monitored during a fermentation process. In particular, feed
stocks including sugars and other carbon sources, nutrients,
and cofactors that may be added into the fermentation using
an external pump. Other components may also be added
during the fermentation including, without limitation, anti-
foam, salts, chelating agents, surfactants, and organic lig-
uids.

[0129] Any convenient codon optimization techniques for
optimizing the expression of heterologous polynucleotides
in host cells may be adapted for use in the subject host cells
and methods, see e.g., Gustafsson, C. et al. (2004) Trends
Biotechnol, 22, 346-353, which is incorporated by reference
in its entirety.

[0130] The subject method may also include adding a
starting compound to the cell culture. Any convenient meth-
ods of addition may be adapted for use in the subject
methods. The cell culture may be supplemented with a
sufficient amount of the starting materials of interest (e.g., as
described herein), e.g., a mM to uM amount such as between
about 1-5 mM of a starting compound. It is understood that
the amount of starting material added, the timing and rate of
addition, the form of material added, etc., may vary accord-
ing to a variety of factors. The starting material may be
added neat or pre-dissolved in a suitable solvent (e.g., cell
culture media, water, or an organic solvent). The starting
material may be added in concentrated form (e.g., 10x over
desired concentration) to minimize dilution of the cell
culture medium upon addition. The starting material may be
added in one or more batches, or by continuous addition
over an extended period of time (e.g., hours or days).
Methods for Isolating Products from the Fermentation
Medium

[0131] The subject methods may also include recovering
the BIA of interest from the cell culture. Any convenient
methods of separation and isolation (e.g., chromatography
methods or precipitation methods) may be adapted for use in
the subject methods to recover the BIA of interest from the
cell culture. Filtration methods may be used to separate
soluble from insoluble fractions of the cell culture. In some
cases, liquid chromatography methods (e.g., reverse phase
HPLC, size exclusion, normal phase chromatography) may
be used to separate the BIA of interest from other soluble
components of the cell culture. In some cases, extraction
methods (e.g., liquid extraction, pH based purification, etc.)
may be used to separate the BIA of interest from other
components of the cell culture.

[0132] The produced alkaloids may be isolated from the
fermentation medium using methods known in the art. A
number of recovery steps may be performed immediately
after (or in some instances, during) the fermentation for
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initial recovery of the desired product. Through these steps,
the alkaloids (e.g., BIAs) may be separated from the cells,
cellular debris and waste, and other nutrients, sugars, and
organic molecules may remain in the spent culture medium.
This process may be used to yield a BIA-enriched product.
[0133] In an example, a product stream having a ben-
zylisoquinoline alkaloid (BIA) product is formed by pro-
viding engineered yeast cells and a feedstock including
nutrients and water to a batch reactor. The engineered yeast
cells may have at least one modification selected from the
group consisting of: a feedback inhibition alleviating muta-
tion in a biosynthetic enzyme gene native to the cell; a
transcriptional modulation modification of a biosynthetic
enzyme gene native to the cell; and an inactivating mutation
in an enzyme native to the cell. When the engineered yeast
cells are within the batch reactor, the engineered yeast cells
may be subjected to fermentation. In particular, the engi-
neered yeast cells may be subjected to fermentation by
incubating the engineered yeast cells for a time period of at
least about 5 minutes to produce a solution comprising the
BIA product and cellular material. Once the engineered
yeast cells have been subjected to fermentation, at least one
separation unit may be used to separate the BIA product
from the cellular material to provide the product stream
comprising the BIA product. In particular, the product
stream may include the BIA product as well as additional
components, such as a clarified yeast culture medium.
Additionally, a BIA product may comprise one or more
BIAs of interest, such as one or more BIA compounds.
[0134] Different methods may be used to remove cells
from a bioreactor medium that include a BIA of interest. In
examples, cells may be removed by sedimentation over
time. This process of sedimentation may be accelerated by
chilling or by the addition of fining agents such as silica. The
spent culture medium may then be siphoned from the top of
the reactor or the cells may be decanted from the base of the
reactor. Alternatively, cells may be removed by filtration
through a filter, a membrane, or other porous material. Cells
may also be removed by centrifugation, for example, by
continuous flow centrifugation or by using a continuous
extractor.

[0135] Ifsome valuable BIAs of interest are present inside
the cells, the cells may be permeabilized or lysed and the cell
debris may be removed by any of the methods described
above. Agents used to permeabilize the cells may include,
without limitation, organic solvents (e.g., DMSO) or salts
(e.g., lithium acetate). Methods to lyse the cells may include
the addition of surfactants such as sodium dodecyl sulfate,
or mechanical disruption by bead milling or sonication.
[0136] BIAs of interest may be extracted from the clarified
spent culture medium through liquid-liquid extraction by the
addition of an organic liquid that is immiscible with the
aqueous culture medium. Examples of suitable organic
liquids include, but are not limited to, isopropyl myristate,
ethyl acetate, chloroform, butyl acetate, methylisobutyl
ketone, methyl oleate, toluene, oleyl alcohol, ethyl butyrate.
The organic liquid may be added to as little as 10% or as
much as 100% of the volume of aqueous medium.

[0137] In some cases, the organic liquid may be added at
the start of the fermentation or at any time during the
fermentation. This process of extractive fermentation may
increase the yield of BIAs of interest from the host cells by
continuously removing BIA precursors or BlAs to the
organic phase.
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[0138] Agitation may cause the organic phase to form an
emulsion with the aqueous culture medium. Methods to
encourage the separation of the two phases into distinct
layers may include, without limitation, the addition of a
demulsifier or a nucleating agent, or an adjustment of the
pH. The emulsion may also be centrifuged to separate the
two phases, for example, by continuous conical plate cen-
trifugation.

[0139] Alternatively, the organic phase may be isolated
from the aqueous culture medium so that it may be physi-
cally removed after extraction. For example, the solvent may
be encapsulated in a membrane.

[0140] In examples, BIAs of interest may be extracted
from a fermentation medium using adsorption methods. In
particular, BIAs of interest may be extracted from clarified
spent culture medium by the addition of a resin such as
Amberlite® XAD4 or another agent that removes BIAs by
adsorption. The BIAs of interest may then be released from
the resin using an organic solvent. Examples of suitable
organic solvents include, but are not limited to, methanol,
ethanol, ethyl acetate, or acetone.

[0141] BIAs of interest may also be extracted from a
fermentation medium using filtration. At high pH, the BIAs
of interest may form a crystalline-like precipitate in the
bioreactor. This precipitate may be removed directly by
filtration through a filter, membrane, or other porous mate-
rial. The precipitate may also be collected by centrifugation
and/or decantation.

[0142] The extraction methods described above may be
carried out either in situ (in the bioreactor) or ex situ (e.g.,
in an external loop through which media flows out of the
bioreactor and contacts the extraction agent, then is recir-
culated back into the vessel). Alternatively, the extraction
methods may be performed after the fermentation is termi-
nated using the clarified medium removed from the biore-
actor vessel.

Methods for Purifying Products from Alkaloid-Enriched
Solutions

[0143] Subsequent purification steps may involve treating
the post-fermentation BIA precursor- or BIA-enriched prod-
uct using methods known in the art to recover individual
product species of interest to high purity.

[0144] In one example, BIA precursors or BIAs extracted
in an organic phase may be transferred to an aqueous
solution. In some cases, the organic solvent may be evapo-
rated by heat and/or vacuum, and the resulting powder may
be dissolved in an aqueous solution of suitable pH. In a
further example, the BIA precursors or BIAs may be
extracted from the organic phase by addition of an aqueous
solution at a suitable pH that promotes extraction of the BIA
precursors or BlAs into the aqueous phase. The aqueous
phase may then be removed by decantation, centrifugation,
or another method.

[0145] The BIA precursor- or BIA-containing solution
may be further treated to remove metals, for example, by
treating with a suitable chelating agent. The BIA precursor-
or BIA-containing solution may be further treated to remove
other impurities, such as proteins and DNA, by precipita-
tion. In one example, the BIA precursor- or BIA-containing
solution is treated with an appropriate precipitation agent
such as ethanol, methanol, acetone, or isopropanol. In an
alternative example, DNA and protein may be removed by
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dialysis or by other methods of size exclusion that separate
the smaller alkaloids from contaminating biological macro-
molecules.

[0146] In further examples, the BIA precursor-, BIA-, or
modified BIA-containing solution may be extracted to high
purity by continuous cross-flow filtration using methods
known in the art.

[0147] Ifthe solution contains a mixture of BIA precursors
or BlAs, it may be subjected to acid-base treatment to yield
individual BIA of interest species using methods known in
the art. In this process, the pH of the aqueous solution is
adjusted to precipitate individual BIA precursors or BIAs at
their respective pKas.

[0148] For high purity, small-scale preparations, the BIA
precursors or BIAs may be purified in a single step by liquid
chromatography.

Yeast-Derived Alkaloid APIs Versus Plant-Derived APIs

[0149] The clarified yeast culture medium (CYCM) may
contain a plurality of impurities. The clarified yeast culture
medium may be dehydrated by vacuum and/or heat to yield
an alkaloid-rich powder. This product is analogous to the
concentrate of poppy straw (CPS) or opium, which is
exported from poppy-growing countries and purchased by
API manufacturers. For the purposes of this invention, CPS
is a representative example of any type of purified plant
extract from which the desired alkaloids product(s) may
ultimately be further purified. Tables 2 and 3 highlight the
impurities in these two products that may be specific to
either CYCM or CPS or may be present in both. By
analyzing a product of unknown origin for a subset of these
impurities, a person of skill in the art could determine
whether the product originated from a yeast or plant pro-
duction host.

[0150] API-grade pharmaceutical ingredients are highly
purified molecules. As such, impurities that could indicate
the plant- or yeast-origin of an API (such as those listed in
Tables 2 and 3) may not be present at that API stage of the
product. Indeed, many of the API products derived from
yeast strains of the present invention may be largely indis-
tinguishable from the traditional plant-derived APIs. In
some cases, however, conventional alkaloid compounds
may be subjected to chemical modification using chemical
synthesis approaches which may show up as chemical
impurities in plant-based products that require such chemi-
cal modifications. For example, chemical derivatization may
often result in a set of impurities related to the chemical
synthesis processes. In certain situations, these modifica-
tions may be performed biologically in the yeast production
platform, thereby avoiding some of the impurities associated
with chemical derivation from being present in the yeast-
derived product. In particular, these impurities from the
chemical derivation product may be present in an API
product that is produced using chemical synthesis processes
but may be absent from an API product that is produced
using a yeast-derived product. Alternatively, if a yeast-
derived product is mixed with a chemically derived product,
the resulting impurities may be present but in a lesser
amount than would be expected in an API that only or
primarily contains chemically derived products. In this
example, by analyzing the API product for a subset of these
impurities, a person of skill in the art could determine
whether the product originated from a yeast production host
or the traditional chemical derivatization route.
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[0151] Non-limiting examples of impurities that may be
present in chemically-derivatized morphinan APIs but not in
biosynthesized APIs include a codeine-O(6)-methyl ether
impurity in API codeine; 8,14-dihydroxy-7,8-dihydrocodei-
none in API oxycodone; and tetrahydrothebaine in API
hydrocodone. The codeine-O(6)-methyl ether may be
formed by chemical over-methylation of morphine. The
8,14-dihydroxy-7,8-dihydrocodeinone in APl oxycodone
may be formed by chemical over-oxidation of thebaine.
Additionally, the tetrahydrothebaine in API hydrocodone
may be formed by chemical over-reduction of thebaine.
[0152] However, in the case where the yeast-derived com-
pound and the plant-derived compound are both subjected to
chemical modification through chemical synthesis
approaches, the same impurities associated with the chemi-
cal synthesis process may be expected in the products. In
such a situation, the starting material (e.g., CYCM or CPS)
may be analyzed as described above.

[0153] Methods of Engineering Host Cells

[0154] Also included are methods of engineering host
cells for the purpose of producing BIAs of interest or
precursors thereof. Inserting DNA into host cells may be
achieved using any convenient methods. The methods are
used to insert the heterologous coding sequences into the
host cells such that the host cells functionally express the
enzymes and convert starting compounds of interest into
product BIAs of interest.

[0155] Any convenient promoters may be utilized in the
subject host cells and methods. The promoters driving
expression of the heterologous coding sequences may be
constitutive promoters or inducible promoters, provided that
the promoters are active in the host cells. The heterologous
coding sequences may be expressed from their native pro-
moters, or non-native promoters may be used. Such promot-
ers may be low to high strength in the host in which they are
used. Promoters may be regulated or constitutive. In certain
embodiments, promoters that are not glucose repressed, or
repressed only mildly by the presence of glucose in the
culture medium, are used. Promoters of interest include but
are not limited to, promoters of glycolytic genes such as the
promoter of the B. subtilis tsr gene (encoding the promoter
region of the fructose bisphosphate aldolase gene) or the
promoter from yeast S. cerevisiae gene coding for glycer-
aldehyde 3-phosphate dehydrogenase (GPD, GAPDH, or
TDH3), the ADH1 promoter of baker’s yeast, the phosphate-
starvation induced promoters such as the PHOS promoter of
yeast, the alkaline phosphatase promoter from B. licheni-
formis, yeast inducible promoters such as Gall-10, Gall,
Gall, GalS, repressible promoter Met25, tetO, and consti-
tutive promoters such as glyceraldehyde 3-phosphate dehy-
drogenase promoter (GPD), alcohol dehydrogenase pro-
moter (ADH), translation-elongation factor-1-o. promoter
(TEF), cytochrome c-oxidase promoter (CYC1), MRP7 pro-
moter, etc. Autonomously replicating yeast expression vec-
tors containing promoters inducible by hormones such as
glucocorticoids, steroids, and thyroid hormones may also be
used and include, but are not limited to, the glucorticoid
responsive element (GRE) and thyroid hormone responsive
element (TRE). These and other examples are described
U.S. Pat. No. 7,045,290, which is incorporated by reference,
including the references cited therein. Additional vectors
containing constitutive or inducible promoters such as a
factor, alcohol oxidase, and PGH may be used. Additionally
any promoter/enhancer combination (as per the Eukaryotic
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Promoter Data Base EPDB) could also be used to drive
expression of genes. Any convenient appropriate promoters
may be selected for the host cell, e.g., E. coli. One may also
use promoter selection to optimize transcript, and hence,
enzyme levels to maximize production while minimizing
energy resources.

[0156] Any convenient vectors may be utilized in the
subject host cells and methods. Vectors of interest include
vectors for use in yeast and other cells. The types of yeast
vectors may be broken up into 4 general categories: inte-
grative vectors (YIp), autonomously replicating high copy-
number vectors (YEp or 2u plasmids), autonomously repli-
cating low copy-number vectors (YCp or centromeric
plasmids) and vectors for cloning large fragments (YACs).
Vector DNA is introduced into prokaryotic or eukaryotic
cells via any convenient transformation or transfection tech-
niques.

Utility

[0157] The host cells and methods of the invention, e.g., as
described above, find use in a variety of applications.
Applications of interest include, but are not limited to:
research applications and therapeutic applications. Methods
of'the invention find use in a variety of different applications
including any convenient application where the production
of BIAs is of interest.

[0158] The subject host cells and methods find use in a
variety of therapeutic applications. Therapeutic applications
of interest include those applications in which the prepara-
tion of pharmaceutical products that include BIAs is of
interest. The host cells described herein produce benzyliso-
quinoline alkaloid precursors (BIA precursors) and BIAs of
interest. Reticuline is a major branch point intermediate of
interest in the synthesis of BIAs including engineering
efforts to produce end products such as opioid products. The
subject host cells may be utilized to produce BIA precursors
from simple and inexpensive starting materials that may find
use in the production of BIAs of interest, including reticu-
line, and BIA end products. As such, the subject host cells
find use in the supply of therapeutically active BIAs or
precursors thereof.

[0159] In some instances, the host cells and methods find
use in the production of commercial scale amounts of BIAs
or precursors thereof where chemical synthesis of these
compounds is low yielding and not a viable means for
large-scale production. In certain cases, the host cells and
methods are utilized in a fermentation facility that would
include bioreactors (fermenters) of e.g., 5,000-200,000 liter
capacity allowing for rapid production of BIAs of interest or
precursors thereof for therapeutic products. Such applica-
tions may include the industrial-scale production of BIAs of
interest from fermentable carbon sources such as cellulose,
starch, and free sugars.

[0160] The subject host cells and methods find use in a
variety of research applications. The subject host cells and
methods may be used to analyze the effects of a variety of
enzymes on the biosynthetic pathways of a variety of BlAs
of interest or precursors thereof. In addition, the host cells
may be engineered to produce BIAs or precursors thereof
that find use in testing for bioactivity of interest in as yet
unproven therapeutic functions. In some cases, the engineer-
ing of host cells to include a variety of heterologous coding
sequences that encode for a variety of enzymes elucidates
the high yielding biosynthetic pathways towards BIAs of
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interest or precursors thereof. In certain cases, research
applications include the production of precursors for thera-
peutic molecules of interest that may then be further chemi-
cally modified or derivatized to desired products or for
screening for increased therapeutic activities of interest. In
some instances, host cell strains are used to screen for
enzyme activities that are of interest in such pathways,
which may lead to enzyme discovery via conversion of BIA
metabolites produced in these strains.

[0161] The subject host cells and methods may be used as
a production platform for plant specialized metabolites. The
subject host cells and methods may be used as a platform for
drug library development as well as plant enzyme discovery.
For example, the subject host cells and methods may find
use in the development of natural product based drug
libraries by taking yeast strains producing interesting scaf-
fold molecules, such as protopine, and further functionaliz-
ing the compound structure through combinatorial biosyn-
thesis or by chemical means. By producing drug libraries in
this way, any potential drug hits are already associated with
a production host that is amenable to large-scale culture and
production. As another example, these subject host cells and
methods may find use in plant enzyme discovery. The
subject host cells provide a clean background of defined
metabolites to express plant EST libraries to identify new
enzyme activities. The subject host cells and methods pro-
vide expression methods and culture conditions for the
functional expression and increased activity of plant
enzymes in yeast.

Kits and Systems

[0162] Aspects of the invention further include kits and
systems, where the kits and systems may include one or
more components employed in methods of the invention,
e.g., host cells, starting compounds, heterologous coding
sequences, vectors, culture medium, etc., as described
herein. In some embodiments, the subject kit includes a host
cell (e.g., as described herein), and one or more components
selected from the following: starting compounds, a heter-
ologous coding sequence and/or a vector including the same,
vectors, growth feedstock, components suitable for use in
expression systems (e.g., cells, cloning vectors, multiple
cloning sites (MCS), bi-directional promoters, an internal
ribosome entry site (IRES), etc.), and a culture medium.
[0163] Any of the components described herein may be
provided in the kits, e.g., host cells including one or more
modifications, starting compounds, culture medium, etc. A
variety of components suitable for use in making and using
heterologous coding sequences, cloning vectors and expres-
sion systems may find use in the subject kits. Kits may also
include tubes, buffers, etc., and instructions for use. The
various reagent components of the kits may be present in
separate containers, or some or all of them may be pre-
combined into a reagent mixture in a single container, as
desired.

[0164] Also provided are systems for producing a BIA of
interest, where the systems may include engineered host
cells including one or more modifications (e.g., as described
herein), starting compounds, culture medium, a fermenter
and fermentation equipment, e.g., an apparatus suitable for
maintaining growth conditions for the host cells, sampling
and monitoring equipment and components, and the like. A
variety of components suitable for use in large scale fer-
mentation of yeast cells may find use in the subject systems.
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[0165] Insome cases, the system includes components for
the large scale fermentation of engineered host cells, and the
monitoring and purification of BIA compounds produced by
the fermented host cells. In certain embodiments, one or
more starting compounds (e.g., as described herein) are
added to the system, under conditions by which the engi-
neered host cells in the fermenter produce one or more
desired BIA products or precursors thereof. In some
instances, the host cells produce a BIA of interest (e.g., as
described herein). In certain cases, the BIA products of
interest are opioid products, such as codeine, neopine,
morphine, neomorphine, hydrocodone, oxycodone, hydro-
morphone, dihydrocodeine, 14-hydroxycodeine, or dihydro-
morphine.

[0166] In some cases, the system includes means for
monitoring and or analyzing one or more BIA compounds or
precursors thereof produced by the subject host cells. For
example, a LC-MS analysis system as described herein, a
chromatography system, or any convenient system where
the sample may be analyzed and compared to a standard,
e.g., as described herein. The fermentation medium may be
monitored at any convenient times before and during fer-
mentation by sampling and analysis. When the conversion of
starting compounds to BIA products or precursors of interest
is complete, the fermentation may be halted and purification
of the BIA products may be done. As such, in some cases,
the subject system includes a purification component suit-
able for purifying the BIA products or precursors of interest
from the host cell medium into which it is produced. The
purification component may include any convenient means
that may be used to purify the BIA products or precursors of
fermentation, including but not limited to, silica chromatog-
raphy, reverse-phase chromatography, ion exchange chro-
matography, HIC chromatography, size exclusion chroma-
tography, liquid extraction, and pH extraction methods. In
some cases, the subject system provides for the production
and isolation of BIA fermentation products of interest fol-
lowing the input of one or more starting compounds to the
system.

[0167] The following examples are put forth so as to
provide those of ordinary skill in the art with a complete
disclosure and description of how to make and use the
present invention, and are not intended to limit the scope of
what the inventors regard as their invention nor are they
intended to represent that the experiments below are all or
the only experiments performed. Efforts have been made to
ensure accuracy with respect to numbers used (e.g. amounts,
temperature, etc.), but some experimental errors and devia-
tions should be accounted for. Unless indicated otherwise,
parts are parts by weight, molecular weight is weight aver-
age molecular weight, temperature is in degrees Centigrade,
and pressure is at or near atmospheric.

EXPERIMENTAL

Example [

[0168] A series of specific genetic modifications provide a
biosynthetic process in Saccharomyces cerevisiae for the
production of BIAs from simple, inexpensive feedstocks or
precursor molecules. Methods for constructing novel strains
capable of producing the early BIA molecules norcoclaurine
(NC) and norlaudanosoline (NL) from non-BIA precursors
or simple feedstocks are described. NC has never been
reported as a product of microbial synthesis and is the
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natural precursor to all known BIA molecules. Methods for
manipulating the regulation of yeast biosynthetic pathways
and for optimizing the production of aromatic amino acids
and related BIA precursors are also described.

A. Tyrosine and Related BIA Precursor Overproducing
Yeast Strains

[0169] Strains of S. cerevisiae are developed with
improved flux through the aromatic amino acid biosynthesis
pathway for the purposes of increasing intracellular concen-
trations of BIA precursor molecules including tyrosine,
4-hydroxyphenylacetaldehyde (4-HPA), L[-3,4-dihydroxy-
phenylalanine (L-DOPA), 3,4-dihydroxyphenylacetalde-
hyde (3,4-DHPA), and dopamine. These strains combine
genetic modifications to the yeast strain for the purpose of
increasing carbon flux from central metabolism towards
aromatic amino acid synthesis in general, towards tyrosine
in particular, and include the introduction of key heterolo-
gous enzymes for the production of BIA precursor mol-
ecules not naturally produced by yeast. Genetic modifica-
tions are employed including the introduction of feedback
inhibition alleviating mutations to genes encoding native
biosynthetic enzymes, tuning of transcriptional regulation of
native biosynthetic enzymes, deletion of genes encoding
enzymes that divert precursor molecules away from the
intended pathway, and introduction of heterologous
enzymes for the conversion of naturally endogenous mol-
ecules into non-native BIA precursor molecules.

Specific Description:

[0170] 1.1) The biosynthetic pathway in the engineered
strain incorporates feedback inhibition alleviating mutations
(1.1.1) to the native yeast gene ARO4, which encodes a
3-deoxy-d-arabinose-heptulosonate-7-phosphate  (DAHP)
synthase, alone or in combination. This mutation
(ARO4"®®) is incorporated as a directed mutation to the
native gene at the original locus, as an additional copy
introduced as a genetic integration at a separate locus, or as
an additional copy on an episomal vector such as a 21 or
centromeric plasmid. FBR refers to feedback resistant
mutants and mutations. The feedback inhibited copy of the
DAHP synthase enzyme is under the native yeast transcrip-
tional regulation or is introduced with engineered constitu-
tive or dynamic regulation of protein expression by placing
it under the control of a synthetic promoter.

[0171] 1.1.1) ARO4"P® mutations may include, for
example, a substitution of the lysine residue at position 229
with a leucine (see e.g., Hartmann M, et al. (2003) Evolution
of feedback-inhibited beta/alpha barrel isoenzymes by gene
duplication and a single mutation. Proc Nat! Acad Sci USA
100(3):862-867), a substitution of the glutamine residue at
position 166 with a lysine residue (see e.g., Fukuda K et al.
(1992) Feedback-Insensitive Mutation of 3-Deoxy-D-Ara-
bino-Hepturosonate-7-Phosphate Synthase Caused by a
Single Nucleotide Substitution of Aro4 Structural Gene in
Saccharomyces-Cerevisiae. J Ferment Bioeng 74(2):117-
119), or an additional mutation conferring feedback inhibi-
tion selected from a mutagenized library of microbial DHAP
synthase mutants. Examples of such selections include res-
cue of growth on o-fluoro-D,L-phenylalanine (see e.g.,
Fukuda et al. (1990) Breeding of Brewing Yeast Producing
a Large Amount of Beta-Phenylethyl Alcohol and Beta-
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Phenylethyl Acetate. Agr Biol Chem Tokyo 54(1):269-271)
or growth of aro3 mutant yeast strains on media with excess
tyrosine.

[0172] 1.2) The biosynthetic pathway in the engineered
strain incorporates a feedback inhibition alleviating muta-
tion (1.2.1) to the native yeast gene ARO7, which encodes
the enzyme chorismate mutase. This mutation (ARO7%%) is
incorporated as a directed mutation to the native gene at the
original locus, as an additional copy introduced as a genetic
integration at a separate locus, or as an additional copy on
an episomal vector such as a 21 or centromeric plasmid. The
feedback inhibited copy of the chorismate mutase enzyme is
under the native yeast transcriptional regulation or is intro-
duced with engineered constitutive or dynamic regulation of
protein expression by placing it under the control of a
synthetic promoter.

[0173] 1.2.1) ARO7"2% mutant alleles may include, for
example, a substitution of the threonine residue at position
226 with an isoleucine (see e.g., Schmidheini et al. (1989) A
Single Point Mutation Results in a Constitutively Activated
and Feedback-Resistant Chorismate Mutase of Saccharomy-
ces-Cerevisiae. ] Bacteriol 171(3):1245-1253) or an addi-
tional mutation conferring feedback inhibition selected from
a mutagenized library of microbial chorismate mutase
mutants. Examples of such selections include assays for
S-methyltryptophan sensitivity or increased production of
melanin pigments in strains expressing heterologous tyrosi-
nase enzymes (1.9) in the absence of externally fed tyrosine.

[0174] 1.3) The biosynthetic pathway in the engineered
strain incorporates the introduction of a strong promoter
element (such as GPD1, TEF1, etc) for the overexpression
of the native yeast gene ARO10, which encodes an enzyme
with hydroxyphenylpyruvate decarboxylase activity. This
genetic modification is incorporated as a directed swapping
of the native promoter DNA sequence at the original locus,
as an additional copy of the gene under new transcriptional
regulation introduced as a genetic integration at a separate
locus, or as an additional copy on an episomal vector such
as a 2u or centromeric plasmid.

[0175] 1.4) The biosynthetic pathway in the engineered
strain incorporates the introduction of a strong promoter
element (such as GPD1, TEF1, etc) for the overexpression
of the native yeast gene ARO9, which encodes an enzyme
with hydroxyphenylpyruvate/glutamic acid transaminase
activity. This genetic modification is incorporated as a
directed swapping of the native promoter DNA sequence at
the original locus, as an additional copy of the gene under
new transcriptional regulation introduced as a genetic inte-
gration at a separate locus, or as an additional copy on an
episomal vector such as a 2u or centromeric plasmid.

[0176] 1.5) The biosynthetic pathway in the engineered
strain incorporates the introduction of a strong promoter
element (such as GPD1, TEF1, etc) for the overexpression
of the native yeast gene TKL, which encodes an enzyme
with transketolase activity. This genetic modification is
incorporated as a directed swapping of the native promoter
DNA sequence at the original locus, as an additional copy of
the gene under new transcriptional regulation introduced as
a genetic integration at a separate locus, or as an additional
copy on an episomal vector such as a 2u or centromeric
plasmid.

[0177] 1.6) The biosynthetic pathway in the engineered
strain is improved by the incorporation of a deletion or
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inactivating mutation of the native yeast gene ZWF1, which
encodes an enzyme with glucose-6-phosphate dehydroge-
nase activity.

[0178] 1.7) The biosynthetic pathway in the engineered
strain is improved by the incorporation of one or more
deletion(s) or inactivating mutation(s) of known native
alcohol dehydrogenase enzymes, such as the enzymes
encoded by the genes ADH2, ADH3, ADH4, ADHS, ADH6,
ADH?7, or SFAL.

[0179] 1.8) The biosynthetic pathway in the engineered
strain is improved by the incorporation of one or more
deletion(s) or inactivating mutation(s) of known native
aldehyde oxidoreductases, such as ALD2, ALD3, ALDA4,
ALDS, or ALDG.

[0180] 1.9) The biosynthetic pathway incorporates a het-
erologous enzyme for the conversion of tyrosine to
L-DOPA. This enzyme may be from one of several classes,
including, but not limited to bacterial tyrosinases, eukaryotic
tyrosinases, and tyrosine hydroxylases (Table 1). The gene
for this enzyme is incorporated as a genetic integration or on
an episomal vector such as a 2 or centromeric plasmid. This
L-DOPA producing enzyme is introduced with engineered
constitutive or dynamic regulation of protein expression by
placing it under the control of a synthetic promoter.

[0181] 1.9.1) In a biosynthetic pathway using a tyrosine
hydroxylase enzyme for the conversion of tyrosine to
L-DOPA, additional expression of genes encoding enzymes
for the synthesis and recycling of the pterin cofactor tetra-
hydrobiopterin (BH4) and its derivatives are incorporated
into the engineered strain in support of the activity of the
tyrosine hydroxylase enzyme. These enzymes include GTP
cyclohydrolase, 6-pyruvoyl-tetrahydropterin synthase, sepi-
apterin reductase, 4a-hydroxytetrahydrobiopterin dehy-
dratase, and quinoid dihydropteridine reductase (Table 1).
The genes for these enzymes are incorporated as a genetic
integration or on an episomal vector such as a 2u or
centromeric plasmid. These BH4 synthesis and recycling
enzymes are introduced with engineered constitutive or
dynamic regulation of protein expression by placing it under
the control of a synthetic promoter.

[0182] 1.10) The biosynthetic pathway incorporates a het-
erologous enzyme for the decarboxylation of L-DOPA to
produce dopamine. Enzymes with this activity are encoded
by a genes from a variety of organisms including bacteria,
plants, and mammals. Examples include Pseudomonas
putida DOPA decarboxylase (PpDODC), Rattus norvegicus
DOPA decarboxylase (RnDODC), and Papaver somniferum
tyrosine/DOPA decarboxylase (PsTYDC) (Table 1). The
gene for this enzyme is incorporated as a genetic integration
or on an episomal vector such as a 2u or centromeric
plasmid. This dopamine producing enzyme is introduced
with engineered constitutive or dynamic regulation of pro-
tein expression by placing it under the control of a synthetic
promoter.

[0183] 1.11) A biosynthetic pathway for the production of
3,4-DHPA incorporates a heterologous enzyme for the oxi-
dation of dopamine to 3,4-DHPA. Examples of genes encod-
ing this enzyme that may be used in the strain include human
monoamine oxidase A (WMAOA), E. coli monoamine oxi-
dase (EcMAO), and Micrococcus luteus monoamine oOXi-
dase (MIMAO) (Table 1). The gene for this enzyme is
incorporated as a genetic integration or on an episomal
vector such as a 2 or centromeric plasmid. This 3,4-DHPA
producing enzyme is introduced with engineered constitu-
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tive or dynamic regulation of protein expression by placing
it under the control of a synthetic promoter.

[0184] 1.11.1) Strains for the production of NC require
dopamine and 4-HPA, while strains for the production of NL.
require dopamine and 3,4-DHPA, but not 4-HPA. A specific
modification for the conversion of an NC producing strain
into an NL producing strain is the integration of a MAO gene
into the yeast genome at the locus encoding the native yeast
gene ARO10. This combines a deletion of the native yeast
enzyme responsible for converting a tyrosine biosynthetic
precursor to 4-HPA with the introduction of the enzyme
capable of converting dopamine to 3,4-DHPA.

[0185] 1.11.2) Yeast strains are constructed with a gene
that expresses a MAO enzyme (1.11) under the control of an
inducible promoter. When the strain is grown in the presence
of'the inducer it may catalyze the conversion of dopamine to
3,4-DHPA, in the absence of inducer the strain only pro-
duces 4-HPA.

[0186] 1.11.2.1) Yeast strains are constructed with induc-
ible MAO expression (1.11.2), where the inducible system
also contains a DNA binding protein targeted to the pro-
moter regulating the ARO10 gene (1.3). The synthetic
promoter controlling ARO10 is therefore repressed when the
promoter controlling the MAO gene is activated and ARO10
is only expressed when the MAO gene is not transcription-
ally active. This system allows for the construction of a
single strain that conditionally only produces the precursors
for NC or NL.

B. NC-Producing Yeast Strains

[0187] Methods are developed to produce the BIA mol-
ecule NC in yeast and demonstrate a first system for micro-
bial synthesis of NC. With the engineered strains described
herein, NC is produced and accumulated for its own value
or combined with a biosynthetic pathway of additional
heterologous enzymes for the complete synthesis of down-
stream BIAs.

Specific Description:

[0188] 2.1) Yeast strains are grown in liquid culture to a
high cell concentration before back diluting to intermediate
concentrations (as measured by optical density or OD) in
defined media containing high concentrations of dopamine.
The media components only need to satisfy conditions for
growth of the strains; various growth feedstocks are used
(for example, different sugars, nitrogen sources). The NC
produced by these yeast strains is excreted by the yeast cells
and is measurable in the spent media. Additional NC
retained by cells is recovered via cell lysis and extraction
from the lysate.

[0189] 2.2) Yeast strains containing various combinations
of the modifications as described in (1.1-1.8) substantially
improve NC production from that measurable in unmodified
strains in fed dopamine assays as described above (2.1). In
conditions where no extracellular tyrosine is available in the
yeast media, modifications described (1.1-1.8) provide for
production of NC from fed dopamine; under these condi-
tions the NC production from unmodified yeast strains is
most often undetectable.
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[0190] 2.3) Yeast strains that produce NC when containing
the modification as described in (1.10) and grown as
described in (2.1) when the additional BIA precursor added
to media is L-DOPA instead of dopamine.

[0191] 2.3.1) Yeast strains as described in (2.3) containing
various combinations of the modifications as described in
(1.1-1.8) substantially improve production of NC.

[0192] 2.4) Yeast strains that produce NC when containing
both the heterologous enzymes for conversion of tyrosine to
dopamine (1.9, 1.10) alongside various combinations of
modifications described above (1.1-1.8) and grown in media
without supplementation of tyrosine, L-DOPA, or dop-
amine. This specific example constitutes complete synthesis
of NC by the strain from simple carbon and nitrogen
sources.

[0193] 2.5) Yeast strains are modified and cultured as
described above (2.1-2.4) where the biosynthetic pathway
includes the incorporation of the heterologous enzyme NCS,
or truncated versions of the NCS enzyme, for the stereo-
specific catalysis of the reaction condensing dopamine and
4-HPA for S-NC production. This enzyme may originate
from one of several plants, such as Papaver somniferum,
Coptis japonica, and Thalicitum flavum (Table 1). The gene
for this enzyme is incorporated as a genetic integration or on
an episomal vector such as a 2 or centromeric plasmid. This
S-NC producing enzyme is introduced with engineered
constitutive or dynamic regulation of protein expression by
placing it under the control of a synthetic promoter. The NC
ultimately produced will be an enantiomeric mixture with
bias towards the S-stereoisomer.

[0194] 2.6) Yeast strains are modified and cultured as
described above (2.1-2.5) where the biosynthetic pathway
includes the incorporation of the heterologous enzyme nor-
coclaurine 6-O-methyltransferase (60OMT) for the catalysis
of the reaction producing coclaurine. 60MT may originate
from one of several plants, such as Papaver somniferum,
Coptis japonica, and Thalicitum flavum (Table 1).

[0195] 2.7) Yeast strains are modified and cultured as
described above (2.1-2.5) where the biosynthetic pathway
includes the incorporation of the heterologous enzymes
60MT and coclaurine N-methyltransferase (CNMT) for the
catalysis of the reactions producing coclaurine and N-meth-
ylcoclaurine. CNMT may originate from one of several
plants, such as Papaver somniferum, Coptis japonica, and
Thalicitum flavum (Table 1).

[0196] 2.8) Yeast strains are modified and cultured as
described above (2.1-2.5) where the biosynthetic pathway
includes the incorporation of the heterologous enzymes
60MT, CNMT, CYP80B1, and cytochrome P450 reductase
(CPR) for the catalysis of the reactions producing coclau-
rine, N-methylcoclaurine, and 3'hydroxy-N-methyl-coclau-
rine. CYP80B1 may originate from one of several plants,
such as Papaver somniferum or Eschscholzia californica
(Table 1).

[0197] 2.9) Yeast strains are modified and cultured as
described above (2.1-2.5) where the biosynthetic pathway
includes the incorporation of the heterologous enzymes
60MT, CNMT, CYP80BI, CPR, and 3'hydroxy-N-methyl-
coclaurine 4'-O-methyltransferase (4'OMT) for the catalysis
of the reactions producing coclaurine, N-methylcoclaurine,
3'hydroxy-N-methyl-coclaurine, and reticuline. 4OMT may
originate from one of several plants, such as Papaver
somniferum, Coptis japonica, and Thalicitum flavum (Table

1).
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C. NL-Producing Yeast Strains

[0198] Methods are developed to produce the BIA mol-
ecule NL from yeast. With the engineered strains described
herein, NL is produced and accumulated for its own value or
combined with a biosynthetic pathway of further heterolo-
gous enzymes for the complete synthesis of downstream
BlAs.

Specific Description:

[0199] 3.1) Yeast strains containing modifications as
described in (1.11, 1.11.1-1.11.2, 1.11.2.1) are grown in
liquid culture as described in (2.1) produce NL.

[0200] 3.2) Yeast strains containing various combinations
of gene deletions as described in (1.7, 1.8) improve NL
production from that measurable in unmodified strains in fed
dopamine assays as described above (3.1).

[0201] 3.3) Yeast strains that produce NL when containing
the modifications as described in (1.10, 1.11, 1.11.1-1.11.2,
1.11.2.1) and grown as described in (3.1) when the addi-
tional BIA precursor is added to media is L-DOPA instead
of dopamine.

[0202] 3.3.1) Yeast strains as described in (3.3) containing
combinations of gene deletions described in (1.7, 1.8)
improve production of NL.

[0203] 3.4) Yeast strains that produce NL when containing
both the heterologous enzymes for conversion of tyrosine to
dopamine (1.9, 1.10) and dopamine to 3,4-DHPA (1.11)
alongside various combinations of modifications described
above (1.1-1.8, 1.11.1) are grown in media without supple-
mentation of tyrosine, L-DOPA, or dopamine. This specific
example constitutes complete synthesis of NL by the strain
from simple carbon and nitrogen sources.

[0204] 3.5) Yeast strains modified and cultured as
described above (3.1-3.4) where the biosynthetic pathway
includes the incorporation of the heterologous enzyme NCS,
or truncated versions of the NCS enzyme (Table 1), for the
stereospecific catalysis of the reaction condensing dopamine
and 3,4-DHPA for S-NL production. This enzyme may
originate from one of several plants, such as Papaver
somniferum, Coptis japonica, and Thalicitum flavum (Table
1). The gene for this enzyme is incorporated as a genetic
integration or on an episomal vector such as a 2u or
centromeric plasmid. This S-NL producing enzyme is intro-
duced with engineered constitutive or dynamic regulation of
protein expression by placing it under the control of a
synthetic promoter. The NC ultimately produced is an
enantiomeric mixture with bias towards the S-stereoisomer.
[0205] 3.6) Yeast strains are modified and cultured as
described above (3.1-3.5) where the biosynthetic pathway
includes the incorporation of the heterologous enzyme nor-
coclaurine 6-O-methyltransferase (60OMT) for the catalysis
of the reaction producing 3'hydroxycoclaurine. 6OMT may
originate from one of several plants, such as Papaver
somniferum, Coptis japonica, and Thalicitum flavum (Table
D).

[0206] 3.7) Yeast strains are modified and cultured as
described above (3.1-3.5) where the biosynthetic pathway
includes the incorporation of the heterologous enzyme
coclaurine N-methyltransferase (CNMT) for the catalysis of
the reaction producing laudanosoline. CNMT may originate
from one of several plants, such as Papaver somniferum,
Coptis japonica, and Thalicitum flavum (Table 1).
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[0207] 3.8) Yeast strains are modified and cultured as
described above (3.1-3.5) where the biosynthetic pathway
includes the incorporation of the heterologous enzymes
60MT and CNMT for the catalysis of the reactions produc-
ing 3'hydroxycoclaurine, laudanosoline, and 3' hydroxyl-N-
methyl-coclaurine.

[0208] 3.9) Yeast strains are modified and cultured as
described above (3.1-3.5) where the biosynthetic pathway
includes the incorporation of the heterologous enzyme
3'hydroxy-N-methylcoclaurine 4'-O-methyltransferase
(4'OMT) for the catalysis of the reaction producing 4'-O-
methylnorlaudanosoline. 4'OMT may originate from one of
several plants, such as Papaver somniferum, Coptis
Japonica, and Thalicitum flavum (Table 1).

[0209] 3.10) Yeast strains are modified and cultured as
described above (3.1-3.5) where the biosynthetic pathway
includes the incorporation of the heterologous enzymes
60MT and 4'OMT for the catalysis of the reactions produc-
ing 3'hydroxycoclaurine, 4'-O-methylnorlaudanosoline, and
norreticuline.

[0210] 3.11) Yeast strains are modified and cultured as
described above (3.1-3.5) where the biosynthetic pathway
includes the incorporation of the heterologous enzymes
CNMT and 4'OMT for the catalysis of the reactions pro-
ducing 4'-O-methylnorlaudanosoline, laudanosoline, and
4'-O-methyllaudanosoline.

[0211] 3.12) Yeast strains are modified and cultured as
described above (3.1-3.5) where the biosynthetic pathway
includes the incorporation of the heterologous enzymes
60MT, CNMT, and 4'OMT for the catalysis of the reactions
producing 3'hydroxycoclaurine, laudanosoline, 4'-O-meth-
ylnorlaudanosoline, norreticuline, 3'hydroxy-N-methylco-
claurine, 4'-O-methyllaudanosoline, and reticuline.

Example 2
[0212] Processing Methods from Fermentation to Purifi-
cation to API
[0213] During the final stages of the fermentation, the

organic liquid ethyl acetate is added to the culture medium
at 20% of the volume of the culture broth. At this time the
pH of the culture medium may also be increased to support
the extraction of BIAs into the organic ethyl acetate phase.
The agitation from the stirrer and sparger causes the immis-
cible ethyl acetate to form an emulsion with the aqueous
medium. At the completion of the fermentation the stirrer
and sparger are switched off and the aqueous and organic
phases are allowed to separate. A demulsifier or other
chemical agent may be added to promote the separation into
two distinct phases. The cells settle to the bottom of the
reactor and form a third layer. The three layers are separated
by decantation. The cell and aqueous culture medium phases
are discarded. The BIA precursor- or BIA-containing
organic phase is treated with heat and vacuum to remove the
ethyl acetate. The resulting powder containing the BIA
precursors or BIAs is dissolved in acidified water. The
solution is purified by cross-flow filtration to yield a solution
consisting only of morphinan alkaloids. The solution is then
subjected to several rounds of acid-base extraction to
remove individual morphinan alkaloids according to their
distinct solubility at known pH values. Each precipitate of
morphinan alkaloid (e.g., codeine sulfate) is removed by
filtration and may be subject to further product polishing to
yield an API-grade product.
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Example 3
[0214] Processing Methods from Fermentation to Purifi-
cation to API
[0215] The fermentation broth is centrifuged to remove

cells and particulates. The remaining aqueous clarified cul-
ture medium is processed by a similar method used to extract
BIAs from aqueous poppy straw extract in the kabay process
(GB406,107). The clarified culture medium may be acidic
due to the fermentation processes. If not, the medium is
acidified by addition of sulfuric acid. The alkaloids are
concentrated in the clarified culture medium by the appli-
cation of a vacuum or heat. The solution is treated with
ethanol to precipitate impurities including proteins and
DNA. Further treatment involves several rounds of acid-
base extraction and may include the addition of organic
solvents to aid in extracting distinct BIA species into a
second phase.

Example 4

Modification of Media to Improve BIA Production

[0216] BIA production titers from engineered yeast strains
were improved by modifying the culture media composition.
For example, the media types can vary in the media base
(e.g., yeast peptone, yeast nitrogen base), carbon source
(e.g., glucose, maltodextrin), and nitrogen source (e.g.,
amino acids, ammonium sulfate, urea). Reticuline-produc-
ing yeast strains (as described in 2.9) were grown under
varying media conditions and reticuline production assayed
after 72 hours of growth at 30 C. The highest production of
reticuline was observed in YNB, 2% maltodextrin with 3
AGU/L, ammonium sulfate, and all amino acids (FIG. 17A).
Maltodextrin is a polymer of glucose that can be broken
down by amylase. When maltodextrin is used as the carbon
source in yeast culture medium, the addition of amylase
creates a slow release of glucose, thereby mimicking fed-
batch fermentation conditions. High concentration of amy-
lase results in faster release of glucose and is effectively a
faster glucose feed rate. In this example, the feed rate of
glucose impacts product titers (FIG. 17B). The data dem-
onstrate the highest titers of reticuline in media comprising
4% maltodextrin with 3 AGU/L.

FIG. 1: Biosynthesis of Tyrosine and BIA Precursor
Molecules

[0217] Schematic showing the biosynthetic pathway from
glucose to tyrosine and other BIA precursors. Aromatic
amino acid intermediates present in native yeast metabolism
are written in black. Endogenous yeast enzymes are written
in grey (apart from TYR, TyrH, DODC, and MAO). Heter-
ologous enzymes include TYR, TyrH, DODC, and MAO. As
described in (1.1, 1.2) wild-type yeast enzymes encoded by
ARO4 and ARO7 are allosterically inhibited by tyrosine,
indicated here by the dotted grey line. Individual steps in the
pentose phosphosphate pathway and glycolysis are not
explicitly detailed in this figure, although the genes TKIL.1
and ZWF1 (targeted in 1.5, 1.6) are involved in the pentose
phosphate pathway, as indicated.

FIG. 2: Effect of ZWF1 Knockout and TKLI1
Over-Expression on Pentose Phosphate Pathway (PPP)

[0218] Schematic detailing how modifications to TKIL1
(1.5) and ZWF1 (1.6) affect the overall carbon flow through
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the pentose phosphate pathway in yeast when glucose is the
primary carbon source. Panel A represents wild-type carbon
flow; Panel B represents the relative change in carbon flow
in a modified strain.

FIG. 3A: Synthesis of NC from Precursor Molecules
[0219] NC is synthesized from one molecule of dopamine
and one molecule of 4-HPA via a Pictet-Spengler conden-
sation reaction. This reaction may occur spontaneously to
produce a racemic mixture of R- and S-NC. This reaction
may alternatively be catalyzed by the plant enzyme NCS,
which produces S-NC.

FIG. 3B: Synthesis of NL from Precursor Molecules
[0220] NL is synthesized from one molecule of dopamine
and one molecule of 3,4-DHPA via a Pictet-Spengler con-
densation reaction. This reaction may occur spontaneously
to produce a racemic mixture of R- and S-NL. While the
natural product of NCS is NC, the enzyme has been shown
to catalyze the stereospecific production of S-NL (see e.g.,
Rueffer et al. (1981) (S)-Norlaudanosoline Synthase—the
1st Enzyme in the Benzylisoquinoline Biosynthetic-Path-
way. Febs Lett 129(1):5-9).

[0221] Measurement of the BIA molecules is performed
by LC-MS analysis, where NC production (m/z=+272, 19.2
min retention time) and NL production (m/z=+288, 18.9 min
retention time) were observed, with ion MS2 fragmentation
agreeing with both standards and published detection meth-
ods (see e.g., Schmidt et al. (2007) Poppy alkaloid profiling
by electrospray tandem mass spectrometry and electrospray
FT-ICR mass spectrometry after [ring-13C6]-tyramine feed-
ing. Phytochemistry 68(2):189-202).

FIG. 4: Effect of Four Genetic Modifications on NC Pro-
duction with Varying Fed Tyrosine

[0222] NC production was demonstrated at several con-
centrations of fed tyrosine, including no fed tyrosine, in
strains with targeted genetic modifications. Wild-type strain,
CEN.PK2, was integrated with constructs conferring one of
four genetic changes (as described in 1.1-1.4): overexpres-
sion of ARO10 by promoter replacement with P,.,, over-
expression of ARO9 by promoter replacement with Pz,
chromosomal integration of an ARO47%% allele, and chro-
mosomal integration of an ARO7*%% allele. When incorpo-
rated alone, only the P;z,,-ARO10 and ARO475% increase
production of NC. While both these modifications increased
NC production at all tyrosine concentrations, the ARO?Z%
integrated strain improved most drastically at zero fed
tyrosine.

FIG. 5: NC Production with Combinations of Genetic Modi-
fications

[0223] Some genetic modifications as described above
(1.5, 1.6) improve NC production only in combination with
the integration of the ARO47% mutant (1.1). This figure
shows four strains engineered with single genetic modifica-
tions, Pygr ~ARO10 (1.3), Pgpp-TKL1 (1.5), ZWF1 knock-
out (1.6), and ARO4*2% (1.1), alongside three strains con-
structed with combinations of genetic modifications: Strain
A (Pgpp-TKL1, ARO4T5R) Strain B (ZWF1 knockout,
ARO4®) and Strain C (Pgpp-TKL1, ZWF1 knockout,
ARO47PR) NC production is shown normalized to the WT
strain, with Strain C exhibiting a five-fold increase in NC
production.

FIG. 6: NL Production in ALD/ADH Knockout Strains

[0224] NL production is improved by the deletion of
competing yeast enzymes (1.7, 1.8) in a strain expressing
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human MAOA on a 2 plasmid (1.11) and grown in media
containing dopamine. NL production is shown as titer mea-
sured in spent media normalized to the WT (with hMAO, but
with no deletions). Improvements in production are as much
as ten times WT NL production.

FIG. 7: Activity of a DODC Enzyme In Vivo

[0225] Yeast strains transformed with DNA to express
Papaver somniferum tyrosine/DOPA decarboxylase may
convert L.-DOPA to dopamine in vivo. Strains harboring a 21
plasmid were grown in selective media and then back-
diluted into media containing L-DOPA. Spent media was
then measured for concentrations of L-DOPA (retention time
4.8 min, m/z=+198) and dopamine (retention time 4.2 min,
m/z=+154).

FIG. 8

[0226] NC is produced as described in (2.1) in multiple
wild-type yeast lab strains at varying tyrosine concentra-
tions. Specifically, each yeast strain is inoculated into sepa-
rate liquid cultures and grown overnight to OD,,~10, then
back-diluted in YNB minimal media without tyrosine to an
ODyyo~1 and grown for 3 hours. 100 pl of each culture was
mixed into 400 pl YNB media containing 100 mM dopamine
and varying concentrations of tyrosine; each strain was
grown in each media condition in triplicate samples. NC titer
was measured from culture supernatant on an LC-MS instru-
ment detecting m/z+272 ion count in peaks as described by
(see e.g., Schmidt et al. (2007) Poppy alkaloid profiling by
electrospray tandem mass spectrometry and electrospray
FT-ICR mass spectrometry after [ring-13C6]-tyramine feed-
ing. Phytochemistry 68(2):189-202). The area of each peak
was integrated to calculate a relative quantity of the NC in
each sample and the results were normalized to the ion count
area in CEN.PK2 yeast culture with 0 mg/L. tyrosine.

FIG. 9

[0227] NC is produced as described in (2.1) in multiple
engineered yeast strains at fed 100 mM dopamine and no
tyrosine. These data were generated in a separate experiment
from those in FIG. 5. The strains CSY1031-1044 were
engineered to contain combinations of the genetic modifi-
cations described in (1.1-1.6); the labels underneath each
strain name indicate which modifications were incorporated
into each strain. Strain CSY1043 contains four genetic
modifications to yeast native metabolism and exhibits the
largest increase in NC titer above the wild-type yeast strain
CEN.PK2.

FI1G. 10

[0228] NC production as described in (2.1) for black
diamonds and as described in (2.3) for gray circles. Here NC
was produced in an engineered yeast strain (CSY1042) with
the additional integration of the L-DOPA decarboxylase
PpDODC (1.10). In separate liquid cultures this yeast strain
was grown in YNB minimal media containing varying
concentrations of dopamine (black diamonds) and YNB
minimal media containing [-DOPA (gray circles; cultures
not fed dopamine). The solid black line represents a linear
regression of the relationship between the measured NC and
fed dopamine. The peak area measurements for the L-DOPA
fed samples were plotted along the regression line for
dopamine fed samples to show an “equivalent fed dop-
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amine” quantity for the cultures fed L-DOPA. L-DOPA
media was mixed to achieve a target concentration of 10 mM
L-DOPA, however L-DOPA was not fully soluble at that
concentration, and the effective concentration of dissolved
L-DOPA is estimated to be approximately 6 mM. Based on
the average NC titers of the two L-DOPA fed yeast cultures
the “equivalent fed dopamine” concentration is approxi-
mately 50 mM or 8x the fed L-DOPA concentration (indi-
cated by the gray dotted lines).

FIG. 11

[0229] Mammalian tyrosine hydroxylases (TyrHs) are
capable of hydroxylating tyrosine, but are dependent on the
co-substrate tetrahydrobiopterin (BH4) for activity, as
described in (1.9.1). During the catalysis of tyrosine to
L-DOPA by TyrH, molecular oxygen is split and transferred
to tyrosine and BH4, as shown by reaction 1. BH4 is
oxidized to BH4-4a-carbinolamine (4aOH-BH4). Two het-
erologous enzymes are expressed in yeast to synthesize BH4
from the folate synthesis pathway intermediate, dihydrone-
opterin triphosphate. First, 6-pyruvoyltetrahydropterin syn-
thase (PTPS) converts dihydroneopterin to PTP (reaction 2),
which is then reduced to BH4 by sepiapterin reductase
(SepR, reaction 3). Two enzymes are responsible for the
regeneration of BH4 from its 4a-carbinolamine form. First,
pterin-4a-carbinolamine dehydratase (PCD) catalyzes a loss
of water reaction to form dihydrobioterin (reaction 4).
Dihydrobiopterin is then reduced to tetrahydrobiopterin by
quinoid dihydropteridine reductase (QDHPR, reaction 5).

FI1G. 12

[0230] Tyrosine hydroxylases expressed from yeast cells
convert tyrosine to L-DOPA. Yeast strains transformed with
plasmids carrying tyrosine hydroxylases from human
(hTH2) and rat (RnTyrH) were grown in liquid media and
then lysed in buffer containing tyrosine and the co-substrate
BH4. After 6-hour incubations at 30° C., L-DOPA was
measured in the lysate mixture by LC-MS. (A) LC-MS
chromatogram confirms conversion of tyrosine to L-DOPA
dependent on the presence of the co-substrate, BH4. (B)
Fragmentation of the +198 m/z ion peak further confirms the
presence of L-DOPA in lysate samples. (See e.g., Lv et al.
(2010) LC-MS-MS Simultaneous Determination of L-Dopa
and its prodrug n-Pentyl Hydrochloride in Rat Plasma.
Chromatographia, 72(3/4), 239-243).

FI1G. 13

[0231] Co-expression of tyrosine hydroxylase with a BH4
biosynthetic enzyme enables conversion of tyrosine to
L-DOPA in yeast cell lysates. Engineered yeast strains
integrated with constructs expressing rat tyrosine hydroxy-
lase (RnTyrH) and rat sepiapterin reductase (RnSepR) were
grown in liquid media and then lysed in buffer containing
tyrosine, NADPH, and the BH4 biosynthetic precursor,
sepiapterin. Co-expression of a TyrH with the BH4 biosyn-
thesis gene provides for activity of the tyrosine hydroxylase
in the absence of BH4, but in the presence of the BH4
precursor, sepiapterin.

FIG. 14

[0232] Biosynthetic pathways for the synthesis of BIA
precursors and pre-reticuline BIAs from tyrosine through to
reticuline. (A) Biosynthetic pathway from tyrosine to reti-
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culine that goes through NC. (B) Biosynthetic pathway from
tyrosine to reticuline that goes through NL (depiction
includes various methylated intermediates that can be pro-
duced). * Note that although TyrH is depicted as catalyzing
the conversion of L-tyrosine to [-DOPA, other enzymes
including tyrosinases can be used to perform this step as
described in the specification.

FIG. 15

[0233] Engineered yeast strains produce NC-derived BIA
molecules from L[-DOPA in liquid culture. A copy of
PpDODC was integrated into the engineered yeast strain,
CSY1039 (as described in FIG. 9), providing for the pro-
duction of NC from L-DOPA (panel A, bottom chromato-
gram). Next a copy of the opium poppy 6-O-methyltrans-
ferase (Ps60OMT) gene was integrated into this yeast strain
to enable the production of coclaurine from L-DOPA (panel
A, middle chromatogram). Finally, a copy of both Ps6OMT
and the opium poppy coclaurine-N-methyltransferase (PsC-
NMT) genes were integrated into the CSY1039 yeast strain
carrying the PpDODC gene to enable the production of
N-methylcoclaurine from L-DOPA (panel A, top chromato-
gram). Both the NC and coclaurine measurements matched
chromatograms from chemical standards. The production of
N-methylcoclaurine was further confirmed by matching the
fragmentation pattern of the +300 m/z ion peak to patterns
in published literature (Panel B). (see e.g., Schmidt et al.
(2007) Poppy alkaloid profiling by electrospray tandem
mass spectrometry and electrospray FT-ICR mass spectrom-
etry after [ring-13C6]-tyramine feeding. Phytochemistry
68(2):189-202).

FIG. 16

[0234] Engineered yeast strains produce norcoclaurine (as
described in (2.5)) and reticuline (as described in (2.9)) from
sugar in liquid culture. (A) LC-MS/MS was used in MRM
mode to detect norcoclaurine with the transition 272 my/z to
107 m/z. The dashed line depicts a norcoclaurine standard.
Grey line shows norcoclaurine production in an engineered
yeast strain. The strain contains harbors the following modi-
fications: ARO473R | ZWF1 knockout, GPD-TKL1 promoter
replacement; and expresses the following heterologous
genes: wild type R. rorvegicus tyrosine hydroxylase (Rn-
TyrH; expressed from a low-copy plasmid), PpDODC (inte-
grated into the chromosome), and BH4 biosynthesis and
recycling genes (RnPTPS, RnSepR, RnPCD, RnQDHPR;
integrated into the chromosome). The black line depicts
norcoclaurine production in the same strain as described for
the grey line and also co-expressing 7. flavum norcoclaurine
synthase (TINCS; expressed from a low-copy plasmid). (B)
LC-MS/MS was used in MRM mode to detect reticuline
with the transition 330 m/z to 137 nv/z. The dashed line
depicts a reticuline standard. The black line shows reticuline
production in the strain described in (A, grey line) further
engineered to express Ps6OMT, PsCNMT, EcCYP8OBI1,
PsCPR, Ps4'OMT, and Coptis japonica norcoclaurine syn-
thase (CjNCS; integrated into the chromosome).

FI1G. 17

[0235] Effect of media composition on production of BIA
products. Yeast strains engineered to produce reticuline (as
described in (2.9)) from sugar were grown under various
media conditions in liquid culture. LC-MS/MS was used in
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MRM mode to detect reticuline with the transition 330 m/z
to 137 m/z in the growth media of strains grown for 72 hours
at 30 C. (A) Reticuline production from yeast strain YAS8 in
a variety of media conditions. YPD, yeast peptone dextrose;
YNB, yeast nitrogen base. (B) Optimization of reticuline
titer while varying maltodextrin concentration and amylase
concentration with two reticuline-producing yeast strains,
YAS8 and YA22. AGU, amyloglucosidase unit.

FIG. 18

[0236] Effect of inactivating mutations in ADH and ALD
enzymes on production of BIA products. Combinations of
inactivating mutations in ADH and ALD enzymes were
incorporated into yeast strains engineered to produce reti-
culine (as described in (2.9)). The enzymes with inactivating
mutations may include any combination of the following:
ADH2, ADH3, ADH4, ADHS5, ADH6, ADH7, ALD2,
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ALD3, ALD4, ALDS, or ALD6. In some cases, the cell will
contain two, three, four, five, six, seven, eight, nine, ten,
eleven, or more inactivating mutations. In certain cases, the
enzymes containing inactivating mutations will be ADH2,
ADHS, ADH6, and ALD4. In certain cases the enzymes
containing inactivating mutations will be ADH2, ADHS,
ADHG6, ALD2, and ALD3. In some cases multiple ADH and
ALD inactivating mutations will increase BIA product titer.
Combinations of inactivating mutations in four enzymes
(ADH2, ADHS, ADH6, ALD4) and five enzymes (ADH2,
ADHS, ADH6, ALD2, ALD3) increases the production of
reticuline from the reticuline-producing yeast strain (YAS).
Yeast strains engineered to produce reticuline (as described
in (2.9)) from sugar were grown in liquid culture for 72
hours at 30 C. LC-MS/MS was used in MRM mode to detect
reticuline with the transition 330 m/z to 137 m/z in the
growth media.

TABLE 1

Genes of interest as components of the engineered metabolic pathways

Coding Specific
Source Engineered sequence descrip-
Enzyme Abbrev. Catalyzed reactions organisms regulation changes Genbank # tion ref.
3-deoxy-d- ARO4, erythrose-4-phosphate + Saccharomyces native, Feedback CAA85212.1 1.1
arabinose- DHAP PEP — DHAP cerevisiae constitutive, inhibition
heptulosonate- synthase  (EC 2.5.1.54) synthetic resistant
7-phosphate regulation mutation,
synthase K229L, Q166K
Chorismate mutase ~ARO7 chorismate — prephenate Saccharomyces native, Feedback NP_015385.1 1.2
(EC 5.4.99.5) cerevisiae constitutive, inhibition
synthetic resistant
regulation mutation,
T2261
Phenylpyruvate ARO10 hydroxyphenylpyruvate — Saccharomyces constitutive NP_010668.3 1.3
decarboxylase 4HPA (EC 4.1.1.80) cerevisiae overexpression,
synthetic
regulation
Aromatic ARO9 hydroxyphenylpyruvate + Saccharomyces constitutive AEC14313.1 14
aminotransferase glutamate — tyrosine + cerevisiae overexpression,
alpha-ketogluterate synthetic
(EC 2.6.1.57) regulation
Transketolase TKL1 fructose-6-phosphate + Saccharomyces constitutive NP_015399.1 1.5
glyceraldehyde-3- cerevisiae overexpression,
phosphate <> xylulose-5- synthetic
phosphate + erythrose-4- regulation
phosphate (EC 2.2.1.1)
Glucose-6- ZWF1 glucose-6-phosphate — 6- Saccharomyces full deletion of CAA96146.1 1.6
phosphate phosphogluconolactone cerevisiae coding region
dehydrogenase (EC 1.1.1.49)
Alcohol ADH2-7, 4HPA — tyrosol Saccharomyces full deletion of NP_014032.1, 1.7
dehydrogenase SFA1 (EC 1.1.1.90) cerevisiae coding region ~ AAT93007.1,
NP_011258.2,
NP_009703.3,
NP_014051.3,
NP_010030.1,
NP_010113.1
Aldehyde oxidase ~ ALD2-6  4HPA — Saccharomyces full deletion of NP_013893.1, 1.8
hydroxyphenylacetic acid cerevisiae coding region  NP_013892.1,
(EC 1.2.1.39) NP_015019.1,
NP_010996.2,
NP_015264.1
Tyrosinase TYR tyrosine — L-DOPA, L- Ralstonia constitutive NP_518458.1, 1.9
DOPA — dopaquinone solanacearum, overexpression, AJ223816,
(EC 1.14.18.1) Agaricus synthetic
bisporus regulation
Tyrosine TyrH tyrosine — L-DOPA Homo sapiens, constitutive NM 012740, 1.9
hydroxylase (EC 1.14.16.2) Rattus overexpression, NM 000240,
norvegicus, synthetic

Mus musculus

regulation
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Genes of interest as components of the engineered metabolic pathways

Coding Specific
Source Engineered sequence descrip-
Enzyme Abbrev. Catalyzed reactions organisms regulation changes Genbank # tion ref.
GTP cyclohydrolase FOL2 GTP — dihydroneopterin Saccharomyces native CAA97297.1, 1.9.1
triphosphate (EC 3.5.4.16) cerevisiae, regulation, NP_001019195.1,
Homo sapiens, constitutive NP_032128.1
Mus musculus overexpression,
synthetic
regulation
6-pyruvoyl PTPS dihydroneopterin Rattus constitutive AAH59140.1, 1.9.1
tetrahydro- triphosphate — PTP norvegicus, overexpression, BAA04224.1,
biopterin (PTP) (EC 4.2.3.12) Homo sapiens, synthetic AAH29013.1
synthase Mus musculus regulation
Sepiapterin SepR PTP — BH4 Rattus constitutive NP_062054.1, 1.9.1
reductase (EC 1.1.1.153) norvegicus, overexpression, NP_003115.1,
Homo sapiens, synthetic NP_035597.2
Mus musculus regulation
4a- PCD 4a- Rattus constitutive NP_001007602.1, 1.9.1
hydroxytetra- hydroxytetrahydro- norvegicus, overexpression, AAB25581.1,
hydrobiopterin biopterin — Homo sapiens, synthetic NP_079549.1
(pterin-4a- H20 + quinoid Mus musculus regulation
carbinolamine) dihydropteridine
dehydratase (EC 4.2.1.96)
Quinoid QDHPR  quinoid dihydropteridine —  Rattus constitutive AAH72536.1, 1.9.1
dihydropteridine BH4 (EC 1.5.1.34) norvegicus, overexpression, NP_000311.2,
reductase Homo sapiens, synthetic AAHO02107.1
Mus musculus regulation
L-DOPA DODC L-DOPA — dopamine Pseudomonas constitutive AFE015451.1, 1.10
decarboxylase (EC 4.1.1.28) putida, overexpression, NP_001257782.1
Rattus synthetic
norvegicus regulation
Tyrosine/DOPA TYDC L-DOPA — dopamine Papaver constitutive 1.10
decarboxylase (EC 4.1.1.28) somniferum overexpression,
synthetic
regulation
Monoamine MAO dopamine — 3,4-DHPA E. coli, Homo constitutive J03792, D2367, 1.11,
oxidase (EC 1.4.3.4) sapiens, overexpression, ABO010716.1 1.11.1
Micrococcus synthetic
luteus regulation
Norcoclaurine NCS 4HPA + dopamine — S- Coptis japonica,  constitutive N-terminal BAF45337.1, 25,35
synthase norcoclaurine (EC 4.2.1.78)  Papaver truncation ACl45396.1,
3,4-DHPA + dopamine — sommuiferum, ACO090258.1,
S- norlaudanosoline Papver ACO090247.1,
bracteatum, AEB71889.1
Thalicitum
Sfavum,
Corydalis
saxicola
Norcoclaurine 6-O-  60MT Norcoclaurine — Papaver constitutive AY268894 2.6-2.9,
methyltransferase coclaurine sommuiferum, overexpression, AY 610507 3.6, 3.8,
Norlaudanosoline — Thalicitum synthetic D29811 3.10, 3.12
3'hydroxycoclaurine Sfavum, Coptis regulation ACO090225.1
EC 2.1.1.128 Japonica, BAM37634.1
Papaver
bracteatum,
Eschscholzia
californica
Coclaurine-N- CNMT Coclaurine — N- P. somniferum, constitutive AY217336 2.7-2.9
methyltransferase methylcoclaurine T. flavum, overexpression, AY610508 37,38,
3'hydroxycoclaurine — 3'- Coptis japonica  synthetic AB061863 3.11, 3.12
hydroxy-N-methylcoclaurine regulation
EC 2.1.1.140
Cytochrome CYP80B1 N-methylcoclaurine — 3'- P. somniferum, constitutive AAF61400.1 2.8,29
P450 80B1 hydroxy-N-methylcoclaurine  E. californica, overexpression, AAC39453.1
7. flavum synthetic AAU20767.1
regulation
NADPH: ATR1, NADPH + H* + n Arabidopsis constitutive AAC05021.1 2.8,29
hemoprotein CPR oxidized hemoprotein — thaliana, overexpression, CABS58576.1
oxidoreductase NADP* + n reduced P. somniferum synthetic CABS58575.1
also known hemoprotein regulation

as cytochrome
P450 reductase
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Genes of interest as components of the engineered metabolic pathways

Coding Specific
Source Engineered sequence descrip-
Enzyme Abbrev. Catalyzed reactions organisms regulation changes Genbank # tion ref.
4'-0O- 4'OMT 3"-hydroxy-N- P. somniferum, constitutive AY217333, 2.9,
methyltransferase methylcoclaurine — T. flavum, overexpression, AY217334 3.9-3.12
reticuline Coptis japonica, synthetic AY610510
EC 2.1.1.116 E. californica regulation D29812
BAM37633.1
TABLE 2 TABLE 2-continued

Comparison of impurities that may be present in concentrate
of poppy straw (or opium) and clarified yeast culture medium.

Concentrate of Clarified Yeast

Impurities: Poppy Straw Culture Medium
Inorganic  Sodium v v

Magnesium v v

Silicon v x
(not in culture
medium)

Phosphorus v v

Sulfur v v

Chloride v v

Potassium v v

Calcium v v

Copper v v

Zine v v

Molybdenum v v
(sodium molybdate
in medium)

Iron v v

Manganese v v

Ammonium v v

Boron v v

Comparison of impurities that may be present in concentrate
of poppy straw (or opium) and clarified yeast culture medium.

Impurities:

Concentrate of Clarified Yeast

Poppy Straw

Culture Medium

Organic

Other

Polysaccharides
(starch, cellulose,
xylan)

Lignin (p-cournaryl,
coniferyl,

sinapyl alcohols)
Pigments (chlorophyll,
anthocyanins,
carotenoids)
Flavonoids
Phenanthreoids

Latex, gum, and wax
Rubisco

Meconic acid
Pseudomorphine
Narceine

Thebaol

Pesticides, Fungicides,
Herbicides

Pollen

4

4

N

NOSNKNNNSNSNASN

x

(yeast fed
simple sugars)
x

X KX XX KXXX

x

TABLE 3

Distinct groups of molecules present in clarified-yeast culture medium (CYCM). Unlike concentrate of poppy straw

(CPS) or opium, yeast host strains may be engineered to produce molecules of a predetermined class of alkaloids

(i.e., only one biosynthesis pathway per strain) such that other classes of alkaloids are not present. Therefore,

the CYCM may contain molecules within a single biosynthesis pathway including a subset of molecules spanning

one or two columns, whereas the CPS may contain a subset of molecules across many columns.

Protoberberine and

1-Benzylisoquinoline  Phthalideisoquinoline Morphinan Isopavine Aporphine BisBIA
Tetrahydropapaverine ~ Scoulerine Salutaridine Pavine Magnoflorine  Dauricine
Dihydropapaverine Chelanthifoline Salutaridinol Caryachine Corytuberine  Berbamunine
Papaverine Stylopine Salutaridine-7-O-acetate  Bisnorargemonine Apomorphine  Ligensinine
Cis-N-methylstytopine Thebaine Isonoraremonine  Boldine Fangchinoline
Protopine Codeinone Tetrandrine
Dihydrosanguinarine Oripavine Curine
Sanguinerine Morphinone Cepharanthine
Tetrahydrocolumbamine Neopinone Berbamine
Canadine Neopine
N-methylcanadine Codeine
Noscapine Morphine
Berberine Neomorphine
Narcotoline Hydrocodone
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Distinct groups of molecules present in clarified-yeast culture medium (CYCM). Unlike concentrate of poppy straw
(CPS) or opium, yeast host strains may be engineered to produce molecules of a predetermined class of alkaloids
(i.e., only one biosynthesis pathway per strain) such that other classes of alkaloids are not present. Therefore,
the CYCM may contain molecules within a single biosynthesis pathway including a subset of molecules spanning
one or two columns, whereas the CPS may contain a subset of molecules across many columns.

Protoberberine and

1-Benzylisoquinoline  Phthalideisoquinoline Morphinan

Isopavine

Aporphine BisBIA

Narcotinehemiacetal
Narcotolinehemiacetal

Oxycodone
14-hydroxycodeinone
14-hydrocycodeine
Dihydromorphine
Dihydrocodeine
Oxymorphone
Hydromorphone

[0237] Notwithstanding the appended clauses, the disclo-
sure is also defined by the following clauses:

1. A method for forming a product stream having a ben-
zylisoquinoline alkaloid product, the method comprising:

[0238] (a) providing engineered yeast cells and a feed-
stock including nutrients and water to a batch reactor, which
engineered yeast cells have at least one modification that
results in overproduction of tyrosine with respect to a
non-engineered yeast cell, wherein the at least one modifi-
cation is selected from the group consisting of: a feedback
inhibition alleviating mutation in a biosynthetic enzyme
gene and an inactivating mutation in an enzyme;

[0239] (b) in the batch reactor, subjecting the engineered
yeast cells to fermentation by incubating the engineered
yeast cells for a time period of at least about 5 minutes to
produce a solution comprising the benzylisoquinoline alka-
loid product and cellular material; and

[0240] (c) using at least one separation unit to separate the
benzylisoquinoline alkaloid product from the cellular mate-
rial to provide the product stream comprising the benzyliso-
quinoline alkaloid product.

2. The method of clause 1, wherein the engineered yeast cell
comprises one or more feedback inhibition alleviating muta-
tions in one or more biosynthetic enzyme genes that encode
3-deoxy-d-arabinose-heptulosonate-7-phosphate synthase.

3. The method of clause 2, wherein the one or more feedback
inhibition alleviating mutations are present in the 3-deoxy-
d-arabinose-heptulosonate-7-phosphate synthase gene.

4. The method of clause 1, wherein the engineered yeast cell
comprises one or more feedback inhibition alleviating muta-
tions in one or more biosynthetic enzyme genes that encode
chorismate mutase.

5. The method of clause 4, wherein the one or more feedback
inhibition alleviating mutations are present in the chorismate
mutase gene.

6. The method of clause 1, wherein the engineered yeast cell
further comprises at least one transcriptional modulation
modification in a biosynthetic enzyme gene.

7. The method of clause 1, wherein at least one process
parameter of the batch reactor is modifiable to alter a
resultant benzylisoquinoline alkaloid product composition.

8. The method of clause 7, wherein the at least one process
parameter that is modifiable comprises at least one of
dissolved oxygen, pH, stirring speed, aeration rate, and cell
density.

9. The method of clause 1, wherein the benzylisoquinoline
alkaloid product comprises a benzylisoquinoline alkaloid
precursor.

10. The method of clause 9, wherein the benzylisoquinoline
alkaloid precursor is selected from the group of norcoclau-
rine, norlaudanosoline, tyrosine, tyramine, 4-hydroxyphe-
nylacetaldehyde, 4-hydroxyphenylpyruvic acid, L-3,4-dihy-
droxyphenylalanine, 3,4-dihydroxyphenylacetaldehyde, and
dopamine.

11. The method of clause 1, wherein the benzylisoquinoline
alkaloid product comprises a benzylisoquinoline alkaloid.
12. The method of clause 11, wherein the benzylisoquinoline
alkaloid has a structural class that is selected from the group
of benzylisoquinolines, protoberberines, protopines, benzo-
phenanthridines, promorphinans, morphinans, secoberber-
ines, phthalideisoquinolines, aporphines, and bisbenzyliso-
quinolines.

13. The method of clause 12, wherein the benzylisoquino-
line alkaloid is a benzylisoquinoline that is selected from the
group of coclaurine, 3'-hydroxycoclaurine, 4'-O-methylnor-
laudanosoline, 4'-O-methyl-laudanosoline, N-methylnorco-
claurine, laudanosoline, N-methylcoclaurine, 3'-hydroxy-N-
methylcoclaurine, reticuline, norreticuline, papaverine,
laudanine, laudanosine, tetrahydropapaverine, 1,2-dihydro-
papaverine, and orientaline.

14. The method of clause 12, wherein the benzylisoquino-
line alkaloid is a protoberberine that is selected from the
group of scoulerine, cheilanthifoline, stylopine, nandinine,
jatrorrhizine, stepholidine, discretamine, cis-N-methylsty-
lopine, tetrahydrocolumbamine, palmatine, tetrahydropal-
matine, columbamine, canadine, N-methylcanadine, 1-hy-
droxycanadine, berberine, N-methyl-ophiocarpine, 1,13-
dihydroxy-N-methylcanadine, and 1-hydroxy-10-O-acetyl-
N-methylcanadine.

15. The method of clause 12, wherein the benzylisoquino-
line alkaloid is a protopine that is selected from the group of
protopine, 6-hydroxyprotopine, allocryptopine, cryptopine,
muramine, and thalictricine.

16. The method of clause 12, wherein the benzylisoquino-
line alkaloid is a benzophenanthridine that is selected from
the group of dihydrosanguinarine, sanguinarine, dihydro-
cheilirubine, cheilirubine, dihydromarcapine, marcapine,
and chelerythrine.

17. The method of clause 12, wherein the benzylisoquino-
line alkaloid is a promorphinan that is selected from the
group of salutaridine, salutaridinol, and salutaridinol-7-O-
acetate.
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18. The method of clause 12, wherein the benzylisoquino-
line alkaloid is a morphinan that is selected from the group
of thebaine, codeinone, codeine, morphine, morphinone,
oripavine, neopinone, neopine, neomorphine, hydrocodone,
dihydrocodeine, 14-hydroxycodeinone, oxycodone, 14-hy-
droxycodeine, morphinone, hydromorphone, dihydromor-
phine, dihydroetorphine, ethylmorphine, etorphine, meto-
pon, buprenorphine, pholcodine, heterocodeine, and
oxymorphone.

19. The method of clause 12, wherein the benzylisoquino-
line alkaloid is a secoberberine that is selected from the
group of 4'-O-desmethylmacrantaldehyde, 4'-O-desmethyl-
papaveroxine, 4'-O-desmethyl-3-O-acetylpapaveroxine, and
3-0O-aceteylpapaveroxine.

20. The method of clause 12, wherein the benzylisoquino-
line alkaloid is a phthalideisoquinoline that is selected from
the group of narcotolinehemiacetal, narcotinehemiacetal,
narcotoline, and noscapine.

21. The method of clause 12, wherein the benzylisoquino-
line alkaloid is an aporphine that is selected from the group
of magnoflorine, corytuberine, apomorphine, boldine, isobo-
Idine, isothebaine, isocorytuberine, and glaufine.

22. The method of clause 12, wherein the benzylisoquino-
line alkaloid is a bisbenzylisoquinoline that is selected from
the group of berbamunine, guattgaumerine, dauricine, and
liensinine.

23. A method for forming a product stream having a ben-
zylisoquinoline alkaloid product, the method comprising:
[0241] (a) providing engineered yeast cells and a feed-
stock including nutrients and water to a reactor;

[0242] (b) in the reactor, subjecting the engineered yeast
cells to fermentation by incubating the engineered yeast
cells for a time period of at least about 5 minutes to produce
a solution comprising cellular material and the benzyliso-
quinoline alkaloid product, wherein the solution comprises
not more than one class of molecule selected from the group
of protoberberine, morphinan, isopavine, aporphine, and
bisbenzylisoquinoline; and

[0243] (c) using at least one separation unit to separate the
benzylisoquinoline alkaloid product from the cellular mate-
rial to provide the product stream comprising the benzyliso-
quinoline alkaloid product.

24. The method of clause 23, wherein the engineered yeast
cells have at least one modification that results in overpro-
duction of tyrosine with respect to a non-engineered yeast
cell, wherein the at least one modification is selected from
the group consisting of: a feedback inhibition alleviating
mutation in a biosynthetic enzyme gene and an inactivating
mutation in an enzyme.

25. The method of clause 24, wherein the engineered yeast
cell further comprises at least one transcriptional modulation
modification in a biosynthetic enzyme gene.

26. The method of clause 23, wherein the product stream
does not contain more than 5 ppm of a molecule selected
from the group of lignin, pigments, flavonoids, phenan-
threoids, latex, rubisco, meconic acid, pseudomorphine,
narceine, thebaol, and pollen.

27. The method of clause 26, wherein the product stream
does not contain more than 5 ppm of meconic acid.

28. The method of clause 23, wherein the product stream
does not contain a detectable amount of a substance selected
from the group consisting of pesticides, fungicides, or
herbicides.
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29. The method of clause 23, wherein the benzylisoquino-
line alkaloid product is recovered from the product stream
through liquid-liquid extraction.

30. The method of clause 29, wherein the benzylisoquino-
line alkaloid product is recovered immediately after a fer-
mentation process has been completed.

31. The method of any of the previous clauses, wherein the
engineered yeast cell comprises two or more heterologous
coding sequences, wherein the two or more heterologous
coding sequences encode at least a first enzyme and a second
enzyme that are involved in a metabolic pathway that
converts the tyrosine into the benzylisoquinoline alkaloid
product, wherein the first enzyme and second enzyme are
operably connected along the metabolic pathway.

32. The method of any of the previous clauses, wherein the
engineered yeast cell comprises three heterologous coding
sequences, wherein the three heterologous coding sequences
encode a first enzyme, second enzyme, and third enzyme
that are involved in a metabolic pathway that converts the
tyrosine into the benzylisoquinoline alkaloid product,
wherein the first enzyme, second enzyme, and third enzyme
are operably connected along the metabolic pathway.

33. An engineered yeast cell that produces a benzylisoqui-
noline alkaloid product, the engineered yeast cell having at
least one modification that results in overproduction of
tyrosine with respect to a non-engineered yeast cell, wherein
the at least one modification is selected from the group
consisting of: a feedback inhibition alleviating mutation in a
biosynthetic enzyme gene and an inactivating mutation in an
enzyme,

[0244] wherein the engineered yeast cell comprises at least
one heterologous coding sequence encoding at least one
enzyme that is selected from the group of tyrosine hydroxy-
lase, L-DOPA decarboxylase, and norcoclaurine synthase.

34. The engineered yeast cell of clause 33, wherein the
engineered yeast cell further comprises at least one heter-
ologous coding sequence encoding at least one enzyme that
is selected from the group of norcoclaurine 6-O-methyl-
transferase, coclaurine-N-methyltransferase, cytochrome
P450 8061, cytochrome P450 reductase, and 4'-O-methyl-
transferase.

35. The engineered yeast cell of clause 34, wherein the
benzylisoquinoline alkaloid product comprises at least one
of coclaurine, N-methylcoclaurine, 3'hydroxy-N-methyl-co-
claurine, 3'hydroxycoclaurine, laudanosoline, 4'-O-methyl-
laudanosoline, norreticuline, and reticuline.

36. A method for forming a product stream having a ben-
zylisoquinoline alkaloid product, the method comprising:

[0245] (a) providing engineered non-plant cells and a
feedstock including nutrients and water to a batch reactor,
which engineered non-plant cells have at least one modifi-
cation that results in overproduction of tyrosine with respect
to a non-engineered non-plant cell, wherein the at least one
modification is selected from the group consisting of: a
feedback inhibition alleviating mutation in a biosynthetic
enzyme gene and an inactivating mutation in an enzyme;

[0246] (b) in the batch reactor, subjecting the engineered
non-plant cells to fermentation by incubating the engineered
non-plant cells for a time period of at least about 5 minutes
to produce a solution comprising the benzylisoquinoline
alkaloid product and cellular material; and
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[0247] (c) using at least one separation unit to separate the
benzylisoquinoline alkaloid product from the cellular mate-
rial to provide the product stream comprising the benzyliso-
quinoline alkaloid product.

37. The method of clause 36, wherein the engineered non-
plant cell comprises one or more feedback inhibition alle-
viating mutations in one or more biosynthetic enzyme genes
that encode 3-deoxy-d-arabinose-heptulosonate-7-phos-
phate synthase.

38. The method of clause 37, wherein the one or more
feedback inhibition alleviating mutations are present in the
3-deoxy-d-arabinose-heptulosonate-7-phosphate  synthase
gene.

39. The method of clause 36, wherein the engineered non-
plant cell comprises one or more feedback inhibition alle-
viating mutations in one or more biosynthetic enzyme genes
that encode chorismate mutase.

40. The method of clause 39, wherein the one or more
feedback inhibition alleviating mutations are present in the
chorismate mutase gene.

41. The method of clause 36, wherein the engineered non-
plant cell further comprises at least one transcriptional
modulation modification in a biosynthetic enzyme gene.

42. The method of clause 36, wherein at least one process
parameter of the batch reactor is modifiable to alter a
resultant benzylisoquinoline alkaloid product composition.

43. The method of clause 42, wherein the at least one process
parameter that is modifiable comprises at least one of
dissolved oxygen, pH, stirring speed, aeration rate, and cell
density.

44. The method of clause 36, wherein the benzylisoquino-
line alkaloid product comprises a benzylisoquinoline alka-
loid precursor.

45. The method of clause 44, wherein the benzylisoquino-
line alkaloid precursor is selected from the group of norco-
claurine, norlaudanosoline, tyrosine, tyramine, 4-hydroxy-
phenylacetaldehyde, 4-hydroxyphenylpyruvic acid, L.-3,4-
dihydroxyphenylalanine, 3.,4-
dihydroxyphenylacetaldehyde, and dopamine.

46. The method of clause 36, wherein the benzylisoquino-
line alkaloid product comprises a benzylisoquinoline alka-
loid.

47. The method of clause 46, wherein the benzylisoquino-
line alkaloid has a structural class that is selected from the
group of benzylisoquinolines, protoberberines, protopines,
benzophenanthridines, promorphinans, morphinans,
secoberberines, phthalideisoquinolines, aporphines, and bis-
benzylisoquinolines.

48. The method of clause 47, wherein the benzylisoquino-
line alkaloid is a benzylisoquinoline that is selected from the
group of coclaurine, 3'-hydroxycoclaurine, 4'-O-methylnor-
laudanosoline, 4'-O-methyl-laudanosoline, N-methylnorco-
claurine, laudanosoline, N-methylcoclaurine, 3'-hydroxy-N-
methylcoclaurine, reticuline, norreticuline, papaverine,
laudanine, laudanosine, tetrahydropapaverine, 1,2-dihydro-
papaverine, and orientaline.

49. The method of clause 47, wherein the benzylisoquino-
line alkaloid is a protoberberine that is selected from the
group of scoulerine, cheilanthifoline, stylopine, nandinine,
jatrorrhizine, stepholidine, discretamine, cis-N-methylsty-
lopine, tetrahydrocolumbamine, palmatine, tetrahydropal-
matine, columbamine, canadine, N-methylcanadine, 1-hy-
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droxycanadine, berberine, N-methyl-ophiocarpine, 1,13-
dihydroxy-N-methylcanadine, and 1-hydroxy-10-O-acetyl-
N-methylcanadine.

50. The method of clause 47, wherein the benzylisoquino-
line alkaloid is a protopine that is selected from the group of
protopine, 6-hydroxyprotopine, allocryptopine, cryptopine,
muramine, and thalictricine.

51. The method of clause 47, wherein the benzylisoquino-
line alkaloid is a benzophenanthridine that is selected from
the group of dihydrosanguinarine, sanguinarine, dihydro-
cheilirubine, cheilirubine, dihydromarcapine, marcapine,
and chelerythrine.

52. The method of clause 47, wherein the benzylisoquino-
line alkaloid is a promorphinan that is selected from the
group of salutaridine, salutaridinol, and salutaridinol-7-O-
acetate.

53. The method of clause 47, wherein the benzylisoquino-
line alkaloid is a morphinan that is selected from the group
of thebaine, codeinone, codeine, morphine, morphinone,
oripavine, neopinone, neopine, neomorphine, hydrocodone,
dihydrocodeine, 14-hydroxycodeinone, oxycodone, 14-hy-
droxycodeine, morphinone, hydromorphone, dihydromor-
phine, dihydroetorphine, ethylmorphine, etorphine, meto-
pon, buprenorphine, pholcodine, heterocodeine, and
oxymorphone.

54. The method of clause 47, wherein the benzylisoquino-
line alkaloid is a secoberberine that is selected from the
group of 4'-O-desmethylmacrantaldehyde, 4'-O-desmethyl-
papaveroxine, 4'-O-desmethyl-3-O-acetylpapaveroxine, and
3-0O-aceteylpapaveroxine.

55. The method of clause 47, wherein the benzylisoquino-
line alkaloid is a phthalideisoquinoline that is selected from
the group of narcotolinehemiacetal, narcotinehemiacetal,
narcotoline, and noscapine.

56. The method of clause 47, wherein the benzylisoquino-
line alkaloid is an aporphine that is selected from the group
of magnoflorine, corytuberine, apomorphine, boldine, isobo-
Idine, isothebaine, isocorytuberine, and glaufine.

57. The method of clause 47, wherein the benzylisoquino-
line alkaloid is a bisbenzylisoquinoline that is selected from
the group of berbamunine, guattgaumerine, dauricine, and
liensinine.

58. A method for forming a product stream having a ben-
zylisoquinoline alkaloid product, the method comprising:
[0248] (a) providing engineered non-plant cells and a
feedstock including nutrients and water to a reactor;
[0249] (b) in the reactor, subjecting the engineered non-
plant cells to fermentation by incubating the engineered
non-plant cells for a time period of at least about 5 minutes
to produce a solution comprising cellular material and the
benzylisoquinoline alkaloid product, wherein the solution
comprises not more than one class of molecule selected from
the group of protoberberine, morphinan, isopavine, apor-
phine, and bisbenzylisoquinoline; and

[0250] (c) using at least one separation unit to separate the
benzylisoquinoline alkaloid product from the cellular mate-
rial to provide the product stream comprising the benzyliso-
quinoline alkaloid product.

59. The method of clause 58, wherein the engineered non-
plant cells have at least one modification that results in
overproduction of tyrosine with respect to a non-engineered
non-plant cell, wherein the at least one modification is
selected from the group consisting of: a feedback inhibition
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alleviating mutation in a biosynthetic enzyme gene and an
inactivating mutation in an enzyme.

60. The method of clause 59, wherein the engineered non-
plant cell further comprises at least one transcriptional
modulation modification in a biosynthetic enzyme gene.
61. The method of clause 58, wherein the product stream
does not contain more than 5 ppm of a molecule selected
from the group of lignin, pigments, flavonoids, phenan-
threoids, latex, rubisco, meconic acid, pseudomorphine,
narceine, thebaol, and pollen.

62. The method of clause 61, wherein the product stream
does not contain more than 5 ppm of meconic acid.

63. The method of clause 58, wherein the product stream
does not contain a detectable amount of a substance selected
from the group consisting of pesticides, fungicides, or
herbicides.

64. The method of clause 58, wherein the benzylisoquino-
line alkaloid product is recovered from the product stream
through liquid-liquid extraction.

65. The method of clause 64, wherein the benzylisoquino-
line alkaloid product is recovered immediately after a fer-
mentation process has been completed.

66. The method of any of the previous clauses, wherein the
engineered non-plant cell comprises two or more heterolo-
gous coding sequences, wherein the two or more heterolo-
gous coding sequences encode at least a first enzyme and a
second enzyme that are involved in a metabolic pathway that
converts the tyrosine into the benzylisoquinoline alkaloid
product, wherein the first enzyme and second enzyme are
operably connected along the metabolic pathway.

67. The method of any of the previous clauses, wherein the
engineered non-plant cell comprises three heterologous cod-
ing sequences, wherein the three heterologous coding
sequences encode a first enzyme, second enzyme, and third
enzyme that are involved in a metabolic pathway that
converts the tyrosine into the benzylisoquinoline alkaloid
product, wherein the first enzyme, second enzyme, and third
enzyme are operably connected along the metabolic path-
way.

68. An engineered non-plant cell that produces a benzyliso-
quinoline alkaloid product, the engineered non-plant cell
having at least one modification that results in overproduc-
tion of tyrosine with respect to a non-engineered non-plant
cell, wherein the at least one modification is selected from
the group consisting of: a feedback inhibition alleviating
mutation in a biosynthetic enzyme gene and an inactivating
mutation in an enzyme,

[0251] wherein the engineered non-plant cell comprises at
least one heterologous coding sequence encoding at least
one enzyme that is selected from the group of tyrosine
hydroxylase, L-DOPA decarboxylase, and norcoclaurine
synthase.

69. The engineered non-plant cell of clause 68, wherein the
engineered non-plant cell further comprises at least one
heterologous coding sequence encoding at least one enzyme
that is selected from the group of norcoclaurine 6-O-meth-
yltransterase, coclaurine-N-methyltransferase, cytochrome
P450 8061, cytochrome P450 reductase, and 4'-O-methyl-
transferase.

70. The engineered non-plant cell of clause 69, wherein the
benzylisoquinoline alkaloid product comprises at least one
of coclaurine, N-methylcoclaurine, 3'hydroxy-N-methyl-co-
claurine, 3'hydroxycoclaurine, laudanosoline, 4'-O-methyl-
laudanosoline, norreticuline, and reticuline.
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71. The engineered non-plant cell of any of the previous
clauses, wherein the engineered non-plant cell comprises
two or more heterologous coding sequences, wherein the
two or more heterologous coding sequences encode at least
a first enzyme and a second enzyme that are involved in a
metabolic pathway that converts the tyrosine into the ben-
zylisoquinoline alkaloid product, wherein the first enzyme
and second enzyme are operably connected along the meta-
bolic pathway.

72. The engineered non-plant cell of any of the previous
clauses, wherein the engineered non-plant cell comprises
three heterologous coding sequences, wherein the three
heterologous coding sequences encode a first enzyme, sec-
ond enzyme, and third enzyme that are involved in a
metabolic pathway that converts the tyrosine into the ben-
zylisoquinoline alkaloid product, wherein the first enzyme,
second enzyme, and third enzyme are operably connected
along the metabolic pathway.

73. A compound that comprises:

[0252] a benzylisoquinoline alkaloid product that is char-
acterized as being part of at most two classes selected from
the group consisting of 1-benzylisoquinoline, protoberber-
ine, morphinan, isopavine, aporphine, and bisbenzylisoqui-
noline,

[0253] wherein remaining components of the compound
do not contain a detectable amount of a molecule of a
non-selected class from the group of 1-benzylisoquinoline,
protoberberine, morphinan, isopavine, aporphine, and bis-
benzylisoquinoline.

74. The compound of clause 73, wherein the benzylisoqui-
noline alkaloid product is characterized as having a detect-
able amount of at most one class selected from the group
consisting of 1-benzylisoquinoline, protoberberine, morph-
inan, isopavine, aporphine, and bisbenzylisoquinoline.

75. The compound of clause 73, wherein the benzylisoqui-
noline alkaloid product is characterized as being part of the
1-benzylisoquinoline class and also being part of at most one
class selected from the group consisting of protoberberine,
morphinan, isopavine, aporphine, and bisbenzylisoquino-
line.

76. A therapeutic agent that comprises:

[0254] a benzylisoquinoline alkaloid product,

[0255] wherein the therapeutic agent does not contain a
detectable amount of an impurity selected from the group
consisting of codeine-O(6)-methyl ether, 8,14-dihydroxy-7,
8-dihydrocodeinone, and tetrahydrothebaine.

77. The method of any of clauses 23-32, wherein the
solution comprises no detectable amount of molecules
selected from the group of protoberberine, morphinan,
isopavine, aporphine, and bisbenzylisoquinoline, and
wherein the solution comprises molecules within a class of
phthalideisoquinolines.

78. The method of any of clauses 23-32, wherein the
solution comprises molecules within the class of protober-
berine, and wherein the solution further comprises mol-
ecules within a class of phthalideisoquinolines.

79. The method of any of clauses 58-67, wherein the
solution comprises no detectable amount of molecules
selected from the group of protoberberine, morphinan,
isopavine, aporphine, and bisbenzylisoquinoline, and
wherein the solution comprises molecules within a class of
phthalideisoquinolines.

80. The method of any of clauses 58-67, wherein the
solution comprises molecules within the class of protober-
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berine, and wherein the solution further comprises mol-
ecules within a class of phthalideisoquinolines.

81. The compound of any of clauses 73-75, wherein the
benzylisoquinoline alkaloid product is not classified as
being part of a class selected from the group consisting of
1-benzylisoquinoline, protoberberine, morphinan,
isopavine, aporphine, and bisbenzylisoquinoline, and
wherein the benzylisoquinoline alkaloid product is classified
as being part of a phthalideisoquinoline alkaloid class.

82. The method of any of clauses 73-75, wherein the
benzylisoquinoline alkaloid product is classified as being
part of the protoberberine class and the phthalideisoquino-
line class.

83. The method of any of clauses 73-75, wherein the
benzylisoquinoline alkaloid product is classified as being
part of the 1-benzylisoquinoline class, the protoberberine
class, and the phthalideisoquinoline class.

[0256] Although the foregoing invention has been
described in some detail by way of illustration and example
for purposes of clarity of understanding, it is readily appar-
ent to those of ordinary skill in the art in light of the
teachings of this invention that certain changes and modi-
fications may be made thereto without departing from the
spirit or scope of the appended claims.

[0257] Accordingly, the preceding merely illustrates the
principles of the invention. It will be appreciated that those
skilled in the art will be able to devise various arrangements
which, although not explicitly described or shown herein,
embody the principles of the invention and are included
within its spirit and scope. Furthermore, all examples and
conditional language recited herein are principally intended
to aid the reader in understanding the principles of the
invention and the concepts contributed by the inventors to
furthering the art, and are to be construed as being without
limitation to such specifically recited examples and condi-
tions. Moreover, all statements herein reciting principles,
aspects, and embodiments of the invention as well as spe-
cific examples thereof, are intended to encompass both
structural and functional equivalents thereof. Additionally, it
is intended that such equivalents include both currently
known equivalents and equivalents developed in the future,
i.e., any elements developed that perform the same function,
regardless of structure. The scope of the present invention,
therefore, is not intended to be limited to the exemplary
embodiments shown and described herein. Rather, the scope
and spirit of present invention is embodied by the appended
claims.

1-15. (canceled)

16. A method of producing a pharmaceutical opiate for-
mulation, the method comprising:

feeding a plurality of engineered non-plant cells in a
cellular growth medium;

producing a pharmaceutical opiate compound, or a pre-
cursor thereof, from the plurality of engineered non-
plant cells to create a mixture comprising the plurality
of engineered non-plant cells, the cellular growth
medium, and the pharmaceutical opiate compound or a
precursor thereof;

processing the pharmaceutical opiate compound or pre-
cursor thereof; and

producing the pharmaceutical opiate formulation that
comprises the pharmaceutical opiate compound.
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17. The method of claim 16, wherein the pharmaceutical
opiate formulation comprises an active ingredient that has
5% or greater of the pharmaceutical opiate compound.

18. The method of claim 17, wherein the active ingredient
comprises the pharmaceutical opiate compound with 98% or
greater purity.

19. The method of claim 16, wherein feeding comprises
fermenting the plurality of engineered non-plant cells in the
cellular growth medium.

20. The method of claim 16, wherein feeding occurs
within a cell-culturing device that is selected from the group
consisting of a batch reactor and a continuous-flow reactor.

21. The method of claim 20, wherein the cell-culturing
device comprises a fed-batch reactor.

22. The method of claim 16, wherein the pharmaceutical
opiate compound is an impurity within an active ingredient
within the pharmaceutical opiate formulation.

23. The method of claim 16, wherein the cellular growth
medium comprises an organic molecule.

24. The method of claim 23, wherein the organic molecule
comprises a monosaccharide, an oligosaccharide, a polysac-
charide, an unpurified renewable feedstock, a one-carbon
substrate or a two-carbon substrate, or a combination
thereof.

25. The method of claim 24, wherein the monosaccharide
comprises glucose, fructose, galactose or xylose.

26. The method of claim 24, wherein the oligosaccharide
comprises lactose, sucrose or raffinose.

27. The method of claim 24, wherein the polysaccharide
comprises starch or cellulose.

28. The method of claim 24, wherein the unpurified
renewable feedstock comprises cornsteep liquor, sugar beet
molasses or barley malt.

29. The method of claim 24, wherein the one-carbon
substrate comprises methanol or carbon dioxide.

30. The method of claim 24, wherein the two-carbon
substrate comprises ethanol.

31. The method of claim 16, wherein the plurality of
engineered non-plant cells comprises a plurality of mam-
malian cells, a plurality of insect cells, a plurality of bacteria
cells or a plurality of yeast cells, or a combination thereof.

32. The method of claim 31, wherein the plurality of
engineered non-plant cells comprises the plurality of insect
cells.

33. The method of claim 31, wherein the plurality of
engineered non-plant cells comprises the plurality of yeast
cells.

34. The method of claim 31, wherein the plurality of
engineered non-plant cells comprises the plurality of bacte-
rial cells.

35. The method of claim 16, wherein the pharmaceutical
opiate compound or precursor thereof comprises an alkaloid
from the 1-benzylisoquinoline, protoberberine, protopine,
benzophenanthridine, promorphinan, secoberbine, phthali-
deisoquinoline, isopavine, aporphine, bisbenzylisoquino-
line, or morphinan class.

36. The method of claim 35, wherein the pharmaceutical
opiate compound comprises an alkaloid of the morphinan
class.

37. The method of claim 36, wherein the alkaloid com-
prises codeine, morphine, hydrocodone, hydromorphone,
oxycodone, or oxymorphone.

38. The method of claim 36, wherein the processing
comprises performing at least one process selected from the
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group consisting of: a chemical reaction, a chemical sepa-
ration, and a phase separation.

39. The method of claim 38, wherein the processing
comprises performing a chemical reaction that comprises a
non-enzymatic chemical reaction.

40. The method of claim 38, wherein the processing
comprises a chemical separation that is selected from the
group consisting of: adsorbing, performing chromatography,
emulsifying, extracting, and a combination thereof.

41. The method of claim 38, wherein the processing
comprises a phase separation that is selected from the group
consisting of filtering, chelating, centrifuging, crystallizing,
and a combination thereof.

42. The method of claim 40, wherein the performing
chromatography comprises a chromatography selected from
the group consisting of: high-pressure liquid chromatogra-
phy, size exclusion chromatography, and normal-phase
chromatography.

43. The method of claim 40, wherein the extracting
comprises liquid extraction or pH-based purification.

44. The method of claim 16, further comprising:

administering the pharmaceutical opiate formulation to a

subject.

45. The method of claim 44, wherein the administering is
for a therapeutic purpose.
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